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ABSTRACT 
Leaf angle, the inclination between the midrib of a leaf blade and the stem, is one 
of the main determinants of crop productivity. Plants with an upright leaf angle on the top 
and more horizontal towards the bottom can maximize their light interception and 
photosynthetic capacity, increasing yield per plant and unit of land. Experiments to 
investigate the genetic control of leaf angle have been routinely designed on the use of one 
or two arbitrarily selected leaves, or merged the data from multiple leaves on an average 
value. This approach has limited our understanding of the control of leaf angle at different 
layers of the canopy. Therefore, we performed GWAS and QTL mapping to dissect the 
genomic control of this complex trait in sorghum, using classical and novel phenotyping 
strategies. Our findings demonstrate that there are regions controlling leaf angle across the 
canopy, and chromosomal intervals associated with the trait at specific sections of the 
canopy. The use of several populations allowed us to dissect the previously reported QTL 
on chromosome 7, demonstrating the presence of three intervals, one affecting angle over 
all layers and two only associated with the middle canopy. Additionally, our research 
focused on the biological effects of brassinosteroids (BRs) on leaf angle, demonstrating 
that the application of a BR inhibitor, propiconazole (pcz), induced changes in leaf angle, 
other plant architecture traits, and the pattern of expression of several BR genes. Our data 
revealed that the levels of BZR1/BES1 expression in collars are highly correlated with leaf 
angle, suggesting that this transcription factor is a good target for further investigation, to 
change the current distribution of leaf angle in sorghum. Finally, we provided evidence of 
a cross-talk between BRs and auxin based on the comparative analysis of BZR1/BES1 and 
Dw3 expression levels. Our discoveries have generated novel information that could be 
x 
exploited for the improvement of leaf angle distribution in the sorghum canopy, to increase 
crop productivity and respond to future demands of food, feed, fiber and fuel. 
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CHAPTER 1.    GENERAL INTRODUCTION 
Sorghum 
Sorghum bicolor L. Moench is one of the most important dryland food staples in the 
world. It is a cereal crop grown in marginal lands, and the main energy source for more than 
500 million people living in the 30 most food-insecure countries in the world (Kumar et al., 
2011). Sorghum production ranks fifth among cereal crops, after rice, wheat, maize, and barley, 
and ranks ninth among all field crops (FAOSTAT, 2016). Sorghum was domesticated in 
Ethiopia 5,000 ago and introduced to the rest of the African continent and Asia thought trade 
(Doggett, 1988). Sorghum was first brought to the Americas in the 1700’s (Maunder, 1999) 
but it was disseminated throughout the southern Great Plains and other dry lands of the U.S. 
after its re-introduction to California in 1874, being recognized as a drought-tolerant crop with 
the potential to outperform maize under arid conditions (Smith and Frederiksen, 2000). 
Currently, the U.S. is the main sorghum producer in the world (12.2 Million Tons (MT) in 
2016), followed by Nigeria (6.9 MT), Sudan (6.5 MT), Mexico (5.0 MT), Ethiopia (4.7MT), 
India (4.4 MT), and Argentina (3.0 MT) (FAOSTAT, 2016). 
Sorghum is a diploid species (n=10) whose genome of approximately 751 Mbp has 
been sequenced (McCormick et al., 2017). Moreover, sorghum has a large pool of genetic 
variability available for breeding purposes. The majority of this genetic diversity is from 
Africa, where both cultivated and wild progenitors co-exist, but there is also a good diversity 
pool in several regions of Asia, where early introductions occurred (Gebrekidan 1981; Reddy 
et al., 2008). The genetic resources have been collected, classified, and maintained in public 
centers around the world, including the International Crops Research Institute for Semi-Arid 
Tropics (ICRISAT), in India; the National Plant Germplasm System (NPGS), in the United 
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States of America; the National Genetic Germplasm Resources Bank, in China; the National 
Research Centre for Sorghum (NRCS), in India, and other national centers in Ethiopia and 
Sudan (Reddy et al., 2008).  
As a consequence of its broad diversity, sorghum is a multi-purpose crop, and it has 
been classified into three groups: grain, forage, and sweet sorghums. Grain sorghums are used 
for human consumption and as livestock feed and input for ethanol production (Stroade and 
Boland, 2004; Ananda et al., 2011). Forage sorghums are used as silage, hay, and biomass 
source for biofuel production (Stroade and Boland, 2004), and sweet sorghums can be used for 
silage, syrup, and biofuel production due to their high simple sugar concentration (Goff, 2010). 
In recent years, sorghum has gained attention in the U.S. as a source of lignocellulosic 
feedstock for the production of biofuels (Rooney et al., 2007). Sorghum is an important 
bioenergy crop due to its water use efficiency and its resilience to abiotic stress, its C4 
photosynthetic mechanism, its high yield potential, its established production system, and its 
high sources of variability that increases its potential for genetic improvement (Rooney et al., 
2007; Paterson et al., 2009; Bavei et al., 2011; Tari et al., 2013; Salas Fernandez et al., 2014). 
Besides the sorghum’s potential as a bioenergy crop and its use for animal feed, sorghum grain 
and syrup are becoming more desirable for other markets, especially in the food and beverage 
industry where gluten-free, GMO free, and high-fructose corn syrup-free products are being 
promoted (Comino et al., 2013). 
 According to the FAO, the global human population will likely be 10 billion people 
by the year 2050, rising the global demand for agricultural production up to 50% over the 
present levels (FAO, 2017). The challenge for the future is to increase crop productivity with 
a changing environment and reduced agriculture acreage, especially in marginal lands and low-
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income countries. A better understanding of the genomic complexity controlling plant 
architecture traits is key in the development of high yielding cereal lines. In sorghum, several 
plant architecture traits, including leaf angle, plant height, stem circumference, and panicle 
architecture are strategic factors to target in the improvement of sorghum for the production of 
food, feed, fiber, and fuel for an ever-growing human population. 
 
The Impact of Differential Leaf Angle on Crop Productivity 
Crop productivity is determined by the plant’s photosynthetic capacity, or the plant’s 
ability to capture and utilize solar energy to oxidize water and reduce carbon dioxide into large 
carbon compounds, while releasing oxygen to the atmosphere (Evans and Fisher, 1999; Ke, 
2001). It has been largely recognized that one of the limitations in crop productivity is the 
inefficiency in photosynthesis due to a slow catalytic carbon fixation rate of the enzyme 
Ribulose-1, 5-Bisphosphate-Carboxylase/Oxygenase (RuBisCO) (Ort et al., 2015). One of the 
strategies to mitigate the Rubisco limitations is to engineer a ‘smart canopy’ by modifying the 
leaf angle distribution in the plant, changing the catalytic rate and specificity of Rubisco, and 
optimizing the antenna size at different canopy layers (Ort et al., 2015).  
Leaf angle is defined as the inclination between the midrib of the leaf blade and stem. 
The proposed leaf angle ideotype consists of upright leaves on the top of the canopy that 
become more horizontal in the lower layers. This ideotype has been proposed since the 60’s 
for several cereal species including maize (de Wit, 1965; Duncan, 1971; Mock and Pearce, 
1975), rice (Hayashi and Ito, 1962; Sinclair and Sheehy, 1999); and wheat (Stoskopf, 1967; 
Donald, 1968; Choudhury, 2000). Moreover, modeling studies have predicted that plants with 
an increased leaf angle from the top to the bottom of the canopy would experience a more even 
distribution of light, causing higher light interception efficiency and a minimized saturation of 
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the leaves in the upper canopy (Drewry et al., 2014; Ort et al., 2015), which would increase 
carbon fixation by up to 40% relative to canopies with not such leaf angle arrangement (Long 
et al., 2006). 
The ‘smart canopy’ concept also comprises the idea of a cooperative interaction of 
plants in the field in order to maximize light interception and yield per unit of land (Ort et al., 
2015). A better distribution of leaf angles across the canopy could decrease the competition 
for light among plants growing under field conditions (Lambert and Johnson, 1978). In maize, 
for example, the use of plants carrying mutations in the LIGULESS genes (Lg1, Lg2, Lg3, and 
Lg4) and improved agronomic practices have allowed plant densities to increase from 30,000 
plants ha-1 in the 1930’s to more than 75,000 plants ha-1 in 2010, which translates into yield 
increases from 1,287 kg ha-1 to 9,595 kg ha-1 in the same period (Duvick, 2005; Mansfield 
and Mumm, 2014). Maize plants with smaller leaf angles on the top of canopy are more tolerant 
to high densities and produced superior yields in the U.S. (Mansfield and Mumm, 2014), 
Canada (Tollenaar and Wu, 1999; Tollenaar and Lee, 2006), and China (Ma et al., 2014). The 
same effect has been reported in rice (Murchie et al., 1999; Morinaka et al., 2006; Sakamoto 
et al., 2006). Moreover, a better distribution of leaf angle is part of the proposed ideotype of 
‘super’ high-yielding hybrid rice, with angles that progressively increase from 5° in the flag 
leaf to 10° and 20° in the second and third upper leaves, respectively (Yuan, 2001).  
Although several groups have studied the importance of leaf angle in photosynthesis, 
yield, and plant density in cereal species, this knowledge is limited in sorghum. Moreover, an 
analysis of the genetics controlling leaf angle distribution across the canopy remain elusive in 
important agriculture crops (Mantilla-Perez and Salas Fernandez, 2017). A better 
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characterization of leaf angle across the sorghum canopy together with novel approaches to 
modify this trait independently at each layer will be key determinants to increase productivity. 
 
The Role of Brassinosteroids on Leaf Angle 
Brassinosteroids (BRs) are a group of steroid hormones characterized in the 70’s and 
obtained from Brassica napus pollen (Grove et al., 1979). BRs affect several important 
biological functions and morphological traits including germination, fertility, stress tolerance, 
fruit development, and plant architecture (Yamamuro et al., 2000; Montoya et al., 2005; Divi 
and Krishna, 2009; Ye et al., 2010; Divi et al., 2016). The effect of BRs on leaf angle has been 
extensively characterized in rice, and more recently, in maize (Yamamuro et al., 2000; 
Morinaka et al., 2006; Sakamoto et al., 2006; Wang et al., 2008; Divi and Krishna, 2009; Sun 
et al., 2010; Makarevitch et al., 2012; Tong et al., 2014; Best et al., 2016; Feng et al., 2016). 
BR-deficient and loss-of-function mutants are reported to have an altered cell elongation in the 
collar (lamina joint) affecting leaf angle and causing more upright leaves in the plant (Bai et 
al., 2007; Tanaka et al., 2009; Zhang et al., 2012; Sun et al., 2015). Moreover, the external 
application of brassinolide (BL), the most biologically active BR, cathasterone (CT), or 
teasterone (TE) increases leaf angle in rice and recover the phenotype of BR mutants (Wada 
and Marumo, 1981; Wada et al., 1983; Tanaka et al., 2009; Makarevitch et al., 2012; Tong et 
al., 2014; Sun et al., 2015). In contrast, the application of a BR biosynthesis inhibitor such as 
brassinozole, propiconazole, or yucaizol decreased leaf angle in wild-type rice, BR-
overexpressing transgenic plants, and BR gain-of-function mutants (Asami et al., 2000; Wang 
et al., 2002; Nakamura et al., 2009; Hartwig et al., 2012; Tong et al., 2014; Feng et al., 2016; 




In sorghum, there is little information about the effect that BRs have in morphological 
and physiological traits. Mantilla Perez et al. (2014) studied the associations between natural 
variation in BR candidate genes and plant architecture traits in sorghum, including leaf angle 
of the second upper leaf or pre-flag leaf. Markers on three BR signaling genes BRI1 
ASSOCIATED RECEPTOR KINASE 1 (BKI1), BRI1 SIGNALING KINASE 1 (BSK1), and 
BRASINAZOLE RESISTANT 1 / BRI1 EMS SUPPRESSOR1 (BZR1/BES1), and two 
biosynthesis genes DWARF7 (DWF7) and PHYB ACTIVATION-TAGGED SUPPRESSOR1 
(BAS1) were associated with leaf angle, explaining between 2.7% and 6.3% of the phenotypic 
variation. These markers were also associated with other pleiotropic traits such as plant height, 
stem circumference, and panicle length (Mantilla Perez et al., 2014). Additionally, the recently 
cloned gene DWARF1 (Dw1) in sorghum has been proposed to regulate the BR signaling 
pathway generating plants with reduced plant height and leaf angle (Hirano et al., 2017).  
Considering the direct effect of BRs on leaf angle in cereals, they could become an 
interesting target to engineer a better leaf angle distribution across the canopy, and increase 
crop productivity. In fact, mutants with a partial suppression of BR genes can generate smaller 
leaf angles without affecting plant height, fertility, or grain size, while increasing grain and 
biomass yields (Morinaka et al., 2006; Sakamoto et al., 2006). A better understanding of the 
biological effect of BRs on plant architecture traits in sorghum could be of great use to improve 
sorghum materials for the enhancement of food, feed, fiber, and fuel production. 
 
Objectives 
The overall aim of this dissertation is to perform a comprehensive characterization of 
the genetic and biological control of leaf angle throughout the canopy in sorghum. Our 
hypotheses are that there is natural genetic variation for the independent control of leaf angle 
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at different levels of the canopy, and that BRs have an effect on leaf angle and its distribution 
across the plant. The specific objectives are: 
1. To review the current knowledge about the genetic control of leaf angle in 
cereal species. 
2. To identify markers/genomic regions associated with variation in leaf angle 
that control the trait both over the entire canopy and in each specific layer. 
3. To characterize the effect of a BR inhibitor, propiconazole, on leaf angle 
throughout the canopy, and the patterns of expression of BR candidate genes 
and DWARF3 (Dw3).  
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CHAPTER 2.    DIFFERENTIAL MANIPULATION OF LEAF ANGLE 
THROUGHOUT THE CANOPY: CURRENT STATUS AND PROSPECTS 
Modified from a paper published in The Journal of Experimental Botany 68(21-22):5699-
5717 doi:10.1093/jxb/erx378 
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Leaf angle is defined as the inclination between the midrib of the leaf blade and the 
vertical stem of a plant. This trait has been identified as a key component in the development 
of high-yielding varieties of cereal species, particularly maize, rice, wheat, and sorghum. The 
effect of leaf angle on light interception efficiency, photosynthetic rate, and yield has been 
investigated since the 1960s, yet, significant knowledge gaps remain in understanding the 
genetic control of this complex trait. Recent advances in physiology and modeling have 
proposed a plant ideotype with varying leaf angles throughout the canopy. In this context, we 
present historical and recent evidence of: (i) the effect of leaf angle on photosynthetic 
efficiency and yield; (ii) the hormonal regulation of this trait; (iii) the current knowledge on its 
quantitative genetic control; and (iv) the opportunity to utilize high-throughput phenotyping 
methods to characterize leaf angle at multiple canopy levels. We focus on research conducted 
on grass species of economic importance, with similar plant architecture and growth patterns. 
Finally, we present the challenges and strategies plant breeders will need to embrace in order 
to manipulate leaf angle differentially throughout the canopy and develop superior crops for 





Filling the gaps in genetic research of leaf angle control 
Yield is determined by the plant’s capacity to capture light energy and utilize it to fix 
CO2 into complex organic compounds (Evans and Fischer, 1999; Tollenaar and Lee, 2002). It 
is now fully recognized that the much needed increases in crop yield to meet future global 
demands for food, feed, fiber, and fuel would have to come largely from manipulations of the 
photosynthetic capacity of plant species (Long et al., 2006; X.G. Zhu et al., 2008; Ort et al., 
2015). This capacity is mostly determined by both the photosynthesis process per se and the 
arrangement of leaves throughout the plant (i.e. the canopy). Therefore, breeding strategies to 
improve carbon fixation capacity and yield of commercially important crop species must be 
revised and reconsidered, to design adequate experimental approaches for the discovery and 
manipulation of genes that control canopy architecture. 
Leaf angle, defined as the inclination between the leaf blade midrib and the stem, is 
one of the most important canopy architecture parameters that influence light interception, 
photosynthetic efficiency, and planting density. 
Modeling approaches have been implemented for decades to predict the optimal plant 
characteristics that would maximize yield, leaf inclination being one of them. In maize, 10 
important parameters were identified in the 1970s when a plant ideotype was proposed for the 
development of superior germplasm: (i) stiff, vertically oriented leaves above the ear with 
leaves below the ear horizontally oriented; (ii) maximum photosynthetic efficiency; (iii) 
efficient conversion of photosynthate to grain; (iv) a short interval between pollen shed and 
silk emergence; (v) ear-shoot prolificacy; (vi) small tassel size; (vii) photoperiod insensitivity; 
(viii) cold tolerance; (ix) long grain-filling periods; and (x) slow leaf senescence (Mock and 
Pearce, 1975). Results from early studies already suggested that leaf angle and leaf area index 
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(LAI) were critical parameters to optimize light interception and photosynthesis (de Wit, 1965; 
Duncan et al., 1967; Anderson and Denmead, 1969). Given the curvilinear nature of the light–
response curve, the utilization efficiency of intercepted irradiance at high levels of 
photosynthetic photon flux density (PPFD) is higher for erect canopies due to a more even 
distribution of light (Long et al., 2006; X.G. Zhu et al., 2008; Murchie and Niyogi, 2011). 
Improving the canopy architecture to avoid light saturation of individual leaves could improve 
photosynthetic efficiency and crop productivity (Zhu et al., 2010; Murchie and Nigoyi, 2011). 
Therefore, one of the mechanisms to close the gap between the theoretical and achieved energy 
conversion is to optimize the inclination of leaves throughout the plant (X.G. Zhu et al., 2008). 
Should the breeding target to optimize canopy architecture simply be an overall erect 
canopy in cereal crops? Several researchers have suggested that upright leaf angles on the 
upper canopy, less erect leaves in the medium canopy, and more horizontally oriented leaves 
in the lower canopy provide the best plant architecture (Duncan, 1971; Long et al., 2006; Ku 
et al., 2010; Zhu et al., 2010; Ort et al., 2015). Modeling analyses have predicted that on a 
sunny day with perpendicular incidence of sunlight, plants with an increased leaf angle from 
the top to the bottom could increase carbon uptake by up to 40% relative to canopies with 
horizontal leaves (Long et al., 2006). Recently, Ort et al. (2015) proposed to engineer ‘smart 
canopies’ with improved canopy architecture and metabolic features of leaves, such as 
differential catalytic Rubisco and antenna size systems across the plant. Therefore, the 
breeding goal of optimizing the canopy architecture is more complex than reducing the overall 
leaf inclination. This newly proposed ‘smart canopy’ ideotype, with differential leaf angles at 
different plant levels, unravels new knowledge gaps to develop superior germplasm effectively 
and generates new questions about the genetic control of leaf angle. 
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i. Are there different sets of genes/quantitative trait loci (QTLs) that control leaf 
inclination at different canopy levels? 
ii. Is the control of leaf angle independent of the leaf position throughout the stem? 
iii. Is there natural variation for leaf angle distribution throughout the canopy? That 
is, are there genotypes with consistently small or large angles for all leaves in 
the canopy while others have differential inclinations at different levels of the 
plant? 
iv. Do breeders have the technologies needed to characterize leaf angle in the entire 
canopy at large scale and high planting density? 
v. Are there genes/QTLs that could be introduced into elite germplasm through 
conventional breeding practices or are there good candidate genes for genetic 
engineering/genome editing methods to develop crops with ‘smart canopies’? 
In our attempt to answer these questions, we have summarized the current knowledge 
about the genetic control of leaf angle in cereals, focusing on the most economically important 
species, namely maize, rice, wheat, and sorghum. Additionally, we have disclosed the 
leaf/leaves investigated in those studies, to shed light on the varying experimental designs and 
methods employed to characterize this phenotype, and the need to apply a novel approach to 
dissect the genetic architecture of differential leaf angle control throughout the canopy. 
The effect of leaf angle on photosynthetic efficiency and yield 
Photosynthesis is the photochemical and biochemical process in which plants use solar 
energy to oxidize water and reduce carbon dioxide to form large carbon compounds while 
releasing oxygen to the atmosphere (Ke, 2001). Photosynthesis occurs in chloroplasts, 
specialized cell organelles that capture the light energy through chlorophylls, and then convert 
it into chemical energy (Ke, 2001). 
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In maize, early experimental evidence of the effect of leaf angle on grain yield was 
described by Pendleton et al. (1968) using two isogenic lines derived from the cross ‘C103’ by 
‘Hy’ with contrasting leaf angle. The line carrying LIGULELESS2 (lg2) had erect leaves with 
an inclination of 10° and produced 40% more grain than its counterpart with horizontal leaves, 
due to a better light interception efficiency and higher photosynthetic rate on a per plant basis 
(Pendleton et al., 1968). In the same study, the hybrid ‘Pioneer 3306’, selected for its high 
yield and horizontal leaves, showed a 14% grain yield increase after manual manipulation of 
the upper leaves—above the ear—to position them at a 10° angle. The combination of more 
upright leaves together with a greater LAI has caused a 14% increase in the light interception 
capacity of modern maize hybrids compared with historical materials released from 1930 to 
the 1960s (Lee and Tollenaar, 2007). This superior light interception capacity was reflected in 
yield increases of >20% (Pendleton et al., 1968; Duvick et al., 2004; Duvick, 2005a, b; Lee 
and Tollenaar, 2007; Lauer et al., 2012). The combined effect of LAI and angle on yield has 
been clearly demonstrated since maize lines with LAI values >3.0 had the highest yield when 
erect leaves were present in the upper canopy and more horizontal leaves in the lower canopy 
(Duncan, 1971; Tollenaar and Wu, 1999; Ku et al., 2010). Other studies have reported similar 
results about the direct effect of leaf angle on grain yield; for example, maize grain production 
increased by between 15% and 30% when the average leaf angle decreased from 60° to 30° 
with respect to the vertical stem of the plant, in hybrids released in the 1990s (Tollenaar and 
Dwyer, 1998; Lauer et al., 2012). Changes in leaf angle that occurred since 1970 have been 
partly attributed to the selection of B73, an inbred line with erect leaves that has been 
extensively used in the development of new parental lines and hybrids (Duvick, 2005). These 
studies have provided abundant experimental evidence of the leaf angle effect, together with 
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LAI, on grain yield due to better light interception across the canopy, demonstrating the 
importance of breeding for more erect canopies and a better leaf angle distribution across the 
plant. 
The major effect of leaf angle on grain yield is also determined by the direct impact on 
planting density (Lambert and Johnson, 1978; Duvick et al., 2004; Duvick 2005a; Ma et al., 
2014). The effect of leaf angle on plant density was recognized several decades ago and rapidly 
investigated using accessions that carried mutations in LIGULESS1 (Lg1) and Lg2 genes. In 
one of the first studies that investigated the connection between leaf angle and plant density, 
three contrasting maize genotypes were utilized: a normal leaf type, with an average angle of 
35°, an lg1 leaf type, with a small inclination of 2°, and an lg2 leaf type with an intermediate 
phenotype of 14° (Lambert and Johnson, 1978). The lg2 genotype showed a significantly 
higher grain production under plant densities of 75 000–90 000 plants ha–1 and had the 
plasticity also to produce high grain yields at extreme densities, as high as 151 000 plants ha–
1 (Lambert and Johnson, 1978). While the lg1 genotype had almost vertical leaves and, thus, 
could be predicted as the ideal canopy to maximize density, the erect leaves of the lg2 type 
canopy, with small but not extreme angles, translated into a more efficient light interception 
capacity which is the biological explanation for the superior yields obtained with this genotype 
at high densities (Lambert and Johnson, 1978). 
Plant densities in maize production fields have clearly increased from 30 000 plants 
ha–1 in the 1930s to 75 000 plants ha–1 in the 2000s (Duvick et al., 2004). Yield improvements 
have concurrently occurred during that time, although the average yield per maize plant has 
remained nearly constant, only increasing by an average of 0.05 kg per plant per year over the 
past 40 years (USDA National Agricultural Statistics Service, 2010). In contrast, plant density 
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has increased on average 720 plants ha–1 per year over the past 44 years (USDA USDA 
National Agricultural Statistics Service, 1965–2009), which has translated into a constant 
improvement in grain yield over time. A comparative analysis of the flag leaf angle in the 
original Iowa Stiff Stalk Synthetic population (1934) and its derived lines after multiple cycles 
of selection (up to 17 cycles) demonstrated that the flag leaf angle was not affected by plant 
density; however, yield was higher in advanced populations since they had more vertical leaves 
than the original lines, which allowed plant densities to be increased (Brekke, 2010). The 
modification of angle over time and its concomitant increase in plant density did not only occur 
in the USA. Similar changes have been reported in other parts of the world. In Canada, early-
maturing temperate maize hybrids released in the late 1980s showed ~1.5% yield increases per 
year due to higher plant density, greater crop growth rate during grain filling, greater LAI, 
prolonged stay-green, and more erect leaves than hybrids released in the late 1950s (Tollenaar 
and Wu, 1999; Tollenaar and Lee, 2006). An analysis of plant architecture in Chinese maize 
genotypes utilized from the 1950s to the 2000s indicated that, at the optimum density of 67 
500 plants ha–1, modern hybrids have a better performance due to their compact canopies, 
shorter stature, and more upright leaf angles (Ma et al., 2014). At the same time, these modern 
hybrids (the 1980s to 2000s) showed a consistent increase in yield at a high plant density of 82 
500 plans ha–1 (Ma et al., 2014). In summary, breeding for plants with upright leaf angles 
facilitated light penetration throughout the canopy, which in turn improved the photosynthetic 
efficiency, and allowed farmers to plant maize at higher densities, which has been crucial for 
the improvement of maize yield over the last nine decades (Pendleton et al., 1968; Lambert 
and Johnson, 1978; Duvick et al., 2004; Duvick, 2005a, b; Hammer et al., 2009; Fischer and 
Edmeades, 2010; Edwards, 2011; Tian et al., 2011). 
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The effect of leaf angle on photosynthetic efficiency has also been studied in cereal 
crops other than maize, with similar results. In rice, cultivars with erect leaves had better light 
interception, higher photosynthesis, greater crop growth, less photo-inhibition, and higher 
yield in comparison with those with horizontally positioned leaves (Hayashi and Ito, 1962; 
Tanaka et al., 1968; Yoshida, 1981; Murchie et al., 1999; Sinclair and Sheehy, 1999; Sakamoto 
et al., 2006; Kumagai et al., 2014). High rice yields associated with erect leaves are also related 
to the capacity to intercept the high light intensity needed to store nitrogen during the grain-
filling period (Sinclair and Sheehy, 1999) and allow higher plant density (Morinaka et al., 
2006; Sakamoto et al., 2006). Experiments in which erect-leaf genotypes were manually 
altered to have horizontal leaves demonstrated a 34% decrease in post-flowering dry matter 
production, a 33% loss in grain yield (Tanaka et al., 1968), and a higher photo-inhibition under 
light saturation (Murchie et al., 1999). These studies proved the detrimental effect that 
horizontal leaves in the upper canopy have on the plant’s photosynthetic capacity and 
productivity; the amount of light intercepted by the lower canopy would be reduced, while the 
excess light will cause severe damage to the upper leaves. Similar results were observed under 
different nitrogen levels: erect leaves prevented photo-inhibition (Murchie et al., 2009) even 
under low nitrogen conditions (Kumagai et al., 2009, 2014). Rice genotypes with upright 
leaves had three main advantages at near maximum photochemical quenching (qP) at midday: 
(i) the light stress was minimum; (ii) the interception of the photosynthetically active radiation 
(PAR) was maximized; and (iii) there was a superior carbon assimilation at the plant level 
(Murchie et al., 1999). 
A small leaf angle is one of the morphological characteristics proposed for the plant 
model of the ‘super’ high-yielding hybrid rice, also called ‘second generation of new plant 
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types’ (NPTs). These hybrids have been developed by crossing elite indica with improved 
tropical japonica lines (Yao et al., 2000; Chen et al., 2002; Peng et al., 2008) in which angles 
of the flag, second, and third leaves should be 5°, 10°, and 20°, respectively (Yuan, 2001). In 
general, rice hybrids with smaller leaf angles yielded more due to a higher photosynthetic rate, 
less photo-inhibition, and delayed leaf senescence (Yao et al., 2000; Chen et al., 2002; Wang 
et al., 2005, 2006; Peng et al., 2008; Y. Zhang et al., 2009). ‘Liangyoupeijiu’ in particular, the 
rice hybrid  with more erect leaves at heading time, had a 13% higher photosynthetic rate in 
the flag leaf than its counterpart ‘Shanyou63’ (Yao et al., 2000; Chen et al., 2002) and yielded 
8–15% more in farmers’ fields (Zong et al., 2000). 
Narrow and erect leaf phenotypes have also been associated with higher grain yields in other 
cereal crops, such as barley, wheat, sorghum, and oats (Gardener et al., 1964; Gardener, 1966; 
Tanner et al., 1966; Stoskopf, 1967; Shearman et al., 2005; Fischer and Edmeades, 2010; 
Truong et al., 2015). In wheat, studies conducted during the last five decades have consistently 
reported that genotypes with narrow and upright leaves had greater leaf area exposed to 
sunlight, higher LAI, higher rate of dry matter production, and superior yields (Gardener et al., 
1964; Gardener, 1966; Stoskopf, 1967; Donald, 1968; Choudhury, 2000; Parry et al., 2011). 
Wheat ideotypes were long proposed as those plants having short and strong stems, with few, 
small, and erect leaves (Donald, 1968), and this model was experimentally supported decades 
ago. Stoskopf (1967) demonstrated that narrow leaf angle genotypes had yield increases of 
12.6% when planted using narrow rows, while the more horizontal canopy genotypes only 
increased 6.9% of their yield at higher plant density. Moreover, a superior net carbon fixation 
capacity during the grain-filling period in winter wheat genotypes of erect leaves has been 
reported since the 1970s (Austin et al., 1976). The effect of leaf angle on biomass production 
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was also documented due to a superior gross photosynthetic efficiency and net carbon 
accumulation during the vegetative growth period for both winter and spring wheat 
(Choudhury, 2000; Parry et al., 2011). Introducing morphological changes in the flag leaf and 
canopy architecture has been a priority in breeding programs of both bread and durum wheat 
at the International Maize and Wheat Improvement Center—CIMMYT (Shearman et al., 
2005). Similar to other crops, breeding goals for wheat improvement have included: (i) the 
reduction of leaf angle at the upper canopy to increase plant density, improve light interception 
efficiency, and obtain superior yields; (ii) the maximization of N levels per unit of leaf area; 
and (iii) the increase in chlorophyll concentration (Fischer and Edmeades, 2010). Recently, 
similar connections have been observed between leaf angle and the physiological capacity of 
sorghum plants to fix carbon. Smaller leaf angles increased solar irradiation penetration 
throughout the canopy and resulted in a superior light interception that could increase sorghum 
biomass yield up to 3% (Truong et al., 2015). 
 
The role of plant hormones in leaf angle determination 
Hormones are chemical substances produced in a specific cell that regulate cellular 
functions in another cell (Srivastava, 2002; Teale et al., 2005; Santner et al., 2009). In plants, 
phytohormones act at low concentrations and they can be endocrine if the synthesis site is 
distant from the site of action, or paracrine if the site of action is close to the synthesis site 
(Teale et al., 2005). There are eight major phytohormones involved in plant development and 
growth: cytokinins, auxins, gibberellic acid (GA), abscisic acid (ABA), ethylene, 
brassinosteroids (BRs), jasmonates, and strigolactones (Srivastava, 2002; Santner et al., 2009). 
The evidence of the important role of phytohormones In plant architecture traits is abundant 
(Li and Chory, 1997; Yamamuro et al., 2000; Sakamoto et al., 2006; Wang et al., 2008; Tanaka 
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et al., 2009; Tong et al., 2014; Luo et al., 2016). Leaf angle, one of the hormonally regulated 
architectural traits, is determined by the cell size of collar tissue, also called the lamina joint 
(Cao and Chen, 1995; L.Y. Zhang et al., 2009; Zhao et al., 2010). Cytological observations of 
the collar of erect leaves in rice revealed that the lack of cell longitudinal elongation induced 
small leaf angles. Elongated cells at the adaxial side of the collar cause the leaf blade to bend 
away from the vertical axis of the leaf sheath towards a more horizontal position (Cao and 
Chen, 1995; Hong et al., 2003; L.Y. Zhang et al., 2009; Zhao et al., 2010, 2013). Cell expansion 
refers to cellular growth due to turgidity, cell wall relaxation, and synthesis and incorporation 
of new cell wall components (Cosgrove, 2005; Gonzalez et al., 2012). Cell elongation is 
regulated by the presence or absence of hormones such as auxins, GA, and BRs, that facilitate 
the relaxation of the cell wall by stimulating the synthesis of polysaccharides necessary to 
increase its flexibility and growth (Fry et al., 1992; Ohmiya et al., 2000; Schopfer et al., 2002; 
Wang et al., 2008; Tanaka et al., 2009; Zhao et al., 2010; Luo et al., 2016). 
BRs are a group of steroid hormones with a paracrine mode of action (Grove et al., 
1979; Srivastava and Srivastava, 2002; Symons and Reid, 2004; Symons et al., 2008; Divi and 
Krishna, 2009) that determine important traits such as germination, fertility, stress tolerance, 
fruit development, and plant architecture (Yamamuro et al., 2000; Srivastava and Srivastava, 
2002; Montoya et al., 2005; Symons et al., 2008; Divi and Krishna, 2009; Divi et al., 2016; Ye 
et al., 2017). BRs have been extensively reported as key regulators of leaf angle in cereals, a 
conclusion derived from the numerous BR biosynthesis or signaling mutants investigated in 
rice, maize, and sorghum with consistently reduced leaf angles (Yamamuro et al., 2000; 
Morinaka et al., 2006; Sakamoto et al., 2006; Wang et al., 2008; Divi and Krishna, 2009; 
Makarevitch et al., 2012; Tong et al., 2014; Sun et al., 2015; Best et al., 2016; Feng et al., 2016; 
24 
 
Hirano et al., 2017). Several BR-deficient and loss-of-function mutant studies have established 
a connection between this hormonal group and a modified cell division pattern or reduced cell 
elongation in the collar that causes narrow leaf angles (Wada and Marumo, 1981; Yamamuro 
et al., 2000; Wang et al., 2008; Tanaka et al., 2009; Tong et al., 2014; Sun et al., 2015). For 
example, at low BR concentration, BRASSINOSTEROID INSENSITIVE2 (BIN2) protein, a 
negative regulator of the BR signaling pathway, can phosphorylate CYC U4;1 protein, 
increasing its cell proliferation activity in the abaxial sclerenchyma, which generates erect 
leaves (Sun et al., 2015). At high concentrations of BR, the gene BIN2 is deactivated, and the 
transcription factor BRI1 EMS SUPPRESSOR1 (BES1) that directly regulates gene expression 
downstream of the BR signaling pathway binds to the promoter of the cyclin gene CYC U4;1, 
inhibiting its expression and thus reducing abaxial sclerenchyma cell proliferation but 
promoting adaxial cells to elongate, generating a horizontal leaf angle phenotype (Sun et al., 
2015). Other studies have demonstrated that the rice BR transcription factor BRASSINAZOLE 
RESISTANT 1 (BZR1) increases leaf angle, while RNAi:BZR1 plants had leaves with small 
inclination (Bai et al., 2007; C. Zhang et al., 2012) (Fig. 1). At the same time, the rice gene 
LEAF AND TILLER ANGLE INCREASED CONTROLLER (LIC) is antagonistic to BZR1, and 
LIC-overexpressing lines show erect leaves (C. Zhang et al., 2012) (Fig. 1), demonstrating the 
importance of BR genes in the regulation of leaf angle. 
The application of external BRs such as brassinolide (BL), the most active hormonal 
form, cathasterone, or teasterone has been shown to increase leaf angle in rice (Wada and 
Marumo, 1981; Wada et al., 1983; Tanaka et al., 2009; Makarevitch et al., 2012; Tong et al., 
2014; Sun et al., 2015). One clear example of this effect was demonstrated by the recovery of 
the wild-type leaf angle phenotype after BL application on RNAi BRASSINOSTEROID 
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UPREGULATED 1 (BU1) rice plants (Tanaka et al., 2009). In contrast, the application of BR 
biosynthesis inhibitor molecules such as brassinozole, propiconazole, or yucaizol decreased 
leaf angle in wild-type rice, BR gain-of-function mutants, and BR-overexpressing transgenic 
plants (Asami et al., 2000; Wang et al., 2002; Nakamura et al., 2009; Hartwig et al., 2012; 
Tong et al., 2014; Feng et al., 2016; Matusmoto et al., 2016). In summary, the fundamental 
role of BRs in leaf inclination is demonstrated by loss-of-function mutants in the signaling or 
biosynthesis pathways, BR-deficient mutants, and external application of BR inhibitor 
molecules that result in erect leaves. Likewise, BR gain-of-function mutants, BR-
overexpressing transgenic plants, and external application of BRs result in phenotypes with 
more horizontal leaves. 
In spite of this clear and direct effect of BRs on leaf angle determination, pleiotropic 
effects have been frequently reported associated with altered BR metabolism, namely BR 
mutants with modified leaf angle phenotypes often present alterations in plant height 
(Yamamuro et al., 2000; Makarevitch et al., 2012; Hirano et al., 2017), leaf morphology 
(Makarevitch et al., 2012), or biomass accumulation (Morinaka et al., 2006; Sakamoto et al., 
2006). BRASSINOSTEROID INSENSITIVE 1 (BRI1) is one of the best characterized genes in 
the BR signaling pathway, with mutant phenotypes that include not only small leaf angles but 
also reduced internode elongation and increased biomass under high planting density 
(Yamamuro et al., 2000; Morinaka et al., 2006; Sakamoto et al., 2006). Moreover, the use of 
transgenic approaches partially to suppress the expression of OsBRI1 altered the pleiotropic 
effects observed with knockout mutants to maintain the desirable leaf angle characteristic 
without reducing grain size and yield (Morinaka et al., 2006). This study demonstrates that 
breeding for a superior canopy architecture following the proposed physiologically optimized 
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plant ideotype could be very challenging, since undesirable pleiotropic effects of manipulated 
genes could neutralize or even reduce the expected yield increases attributable to more efficient 
light interception and utilization. Interestingly, and in contrast to these results, evidence 
suggests that other BR biosynthetic genes could be manipulated without negative pleiotropic 
effects, as demonstrated by the OsDWARF4 mutant phenotype reported by Sakamoto et al. 
(2006). According to their results, the erect leaf phenotype could be obtained in rice BR-
deficient mutants (Fig. 1), with the concomitant increase in grain yield under high planting 
density. Similar results were observed in the OsBU1:RNAi transgenic plants reported by 
Tanaka et al. (2009) (Fig. 1). These plants evidently showed a more erect leaf angle phenotype 
with unaltered agronomic traits such as plant height or fertility (Tanaka et al., 2009), important 
characteristics for the final goal of increasing grain yield. 
The role of BRs in the determination of leaf angle was also demonstrated in maize, 
with mutants in the genes BRASSINOSTEROID-DEFICIENT DWARF1 (BRD1), orthologues 
of BRASSINOSTEROID C-6 OXIDASE in the biosynthetic pathway (Makarevitch et al., 2012), 
and NANA PLANT2 (NA2), a paralog of the Arabidopsis BR biosynthetic gene DWARF1 
(DWF1) (Best et al., 2016) (Fig. 2). In addition to the undesirable extreme dwarf phenotype 
associated with the loss-of-function mutant na2, the consistent alteration of leaf angles over 
the entire canopy and the observed feminized tassels suggest that this specific hormonal 
candidate gene would not be a good breeding target for the differential manipulation of leaf 
angle at each canopy level. 
Even though the investigation of BR effects in sorghum is limited, the pleiotropic 
effects on leaf angle and plant height observed for other species seem to be consistent in this 
crop. Sorghum plants with a mutated DWARF1 (DW1) are similar to BR-deficient rice mutants, 
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with phenotypes that include a reduced plant height and leaf angle (Hirano et al., 2017). The 
sorghum gene DW1 has been proposed to regulate the BR signaling pathway positively by 
affecting the function of the signaling repressor gene BIN2 (Hirano et al., 2017). 
The crosstalk between hormonal groups plays an important role in plant development 
and growth (Santner et al., 2009; Vert and Chory, 2011; Best et al., 2016). For leaf angle 
specifically, early evidence suggested that cytokinins and ABA reduce leaf angle and inhibit 
the action of externally applied BRs, such as BL and intermediate BR biosynthesis compounds 
(Wada et al., 1981). The antagonistic interaction between ABA and BRs has been 
demonstrated by the activated expression of the ABA signaling gene REMORIN GROUP 4, 
MEMBER 1 (OsREM4.1) as a consequence of the external application of ABA (Gui et al., 
2016). This gene, OsREM4.1, is a negative regulator of BRs and this function is exerted by 
binding to the SOMATIC EMBRYOGENESIS RECEPTOR KINASE 1 (OsSERK1), and 
inhibiting its interaction with OsBRI1. This mechanism causes the inactivation of the BRI1–
BAK1 homologous complex in rice, turning off the BR signaling pathway (Gui et al., 2016). 
Moreover, rice plants that overexpressed OsREM4.1 presented a dwarf phenotype with smaller 
leaf angles, similar to BR-deficient mutants (Gui et al., 2016). 
The crosstalk between GA and BRs has been investigated more frequently since they 
are the predominant hormones that regulate plant cell elongation (Shimada et al., 2006; 
Matusmoto et al., 2016), and a very complex interaction between them has been discovered 
under both physiological and high hormone conditions (Shimada et al., 2006; Tong et al., 
2014). At natural low hormone conditions (physiological), BRs induce the biosynthesis of GA 
through the activation of the biosynthetic gene GA3ox-2, while de-activating the repressor gene 
GA2ox-3. Both hormones, BRs and GA, will stimulate cell elongation and leaf angle. On the 
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other hand, when excess GA is present, the synthesis of BRs will be repressed, simultaneously 
decreasing the production of both BRs and GA (Tong et al., 2014). At high BR concentration, 
the GA repressor gene GA2ox-3 will be activated, inhibiting GA production, while the 
synthesis of BR will be self-regulated and reduced (Tong et al., 2014). Under both 
circumstances physiological levels and excess of hormones, leaf angle is controlled by BRs 
and their crosstalk with GA. In addition to these proposed interacting mechanisms, specific 
feedback regulations have been documented between certain individual genes. For example, 
OsGSR1, a member of the GA-stimulated transcript (GAST) gene family, interacts with the 
BR biosynthetic gene DWF1 and acts as a positive regulator of the downstream BR 
biosynthetic pathway (Wang et al., 2009). The suppression of OsGSR1 by RNAi in transgenic 
rice shows a reduced level of endogenous BR and a phenotype similar to that observed in BR 
mutants—short plants with small leaf angles (Wang et al., 2009; Luo et al., 2016). 
Additionally, Best et al. (2016) demonstrated that BR mutants, GA mutants, and BR–GA 
double mutants in maize are affected in plant height, leaf angle, tiller development, and 
fertility. The BR mutants na2-1 and na1-1, as well as the GA mutant d1 presented a horizontal 
leaf angle in comparison with the wild type, that became more upright after the application of 
GA3 (Best et al., 2016). These studies demonstrate that the crosstalk between specific BR and 
GA genes is an important and complex mechanism that regulates leaf angle, and that the use 
of double mutants from both hormonal groups can create detrimental effects on plant 
architecture and fertility traits. 
Auxins are another group of plant hormones that affect leaf angle, though contradictory 
effects have been reported on this trait. Some studies showed that auxins and BRs together 
increase leaf angle in different plant species; while other reports suggested that the reduction 
29 
 
in free auxin concentration enhances BRs and, thus, leaf angle. For instance, high doses of 
external auxin [indole acetic acid (IAA)] were necessary to increase leaf angle in rice, even 
though small amounts of external BR had a more profound effect on this phenotype (Wada and 
Marumo, 1981; Wada et al., 1983; Cao and Chen, 1995; Nakamura et al., 2009). In rice 
seedlings, the simultaneous foliar application of auxin and BR increased the angle more 
significantly than auxin or BR per se (Nakamura et al., 2009). In another rice study, the co-
application of these two hormones increased leaf angle, and the auxin-induced expression of 
OsBRI1 was explained by the presence of auxin-response elements in the promoter region of 
this gene (Sakamoto et al., 2013). Early studies on model species such as Brassica napus and 
Arabidopsis demonstrated that BL stimulates polar auxin transport and modifies the 
distribution of endogenous auxin by increasing the transcription of PINFORMED (PIN) auxin 
efflux facilitator genes (Li et al., 2005). In cereal species, plants containing the functional genes 
BRACHYTIC2 (BR2) (maize) and DWARF3 (Dw3) (sorghum) had more horizontal leaves due 
to an increased concentration of free auxin (Pilu et al., 2007; Truong et al., 2015). These two 
homologous genes encode a membrane of the ATP-binding cassette type B (ABCB1) auxin 
transporter that belongs to the multidrug resistant (MDR) family of P-glycoproteins necessary 
to transport IAA out of the cells and maintain auxin homeostasis (Multani et al., 2003; Knöller 
et al., 2010). On the other hand, there is evidence of the opposite effects of auxins and BRs on 
leaf angle control. Rice mutants lacking free auxin exhibit more horizontal leaves due to an 
increase in BRs that enlarge collar cells (Zhao et al., 2013; S. Zhang et al., 2015; Luo et al., 
2016). The LEAF INCLINATION1 (LC1) gene encodes an OsGH3-1, IAA amido synthetase, 
that maintain auxin homeostasis by conjugating excess IAA to various amino acids such as 
alanine, aspartic acid, and asparagine (Zhao et al., 2013). The lc1-D mutants have less free 
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IAA, more elongated collar cells, and more horizontal angles in the flag leaves (Zhao et al., 
2013). Overexpression of AUXIN RESPONSE FACTOR 19 (OsARF19) in rice enhanced cell 
division and thus, angle, as a consequence of the decrease in free IAA generated by binding to 
a repressor in the auxin pathway (S. Zhang et al., 2015). More recently, it has been proposed 
that LOOSE PLANT ARCHITECTURE1 (LPA1) interacts with C-22-hydroxylated and 6-
deoxo BRs, suppressing the auxin signaling pathway, and that the auxin-mediated regulation 
of leaf angle occurs independently of the OsBRI1 pathway (Liu et al., 2016). 
Finally, in the case of jasmonates, they also regulate leaf angle by their interaction with 
BR metabolism. Methyl jasmonate (MeJA) represses the expression of BR biosynthesis and 
signaling genes, reducing endogenous levels of BRs (Gan et al., 2015) and, thus, leaf angle. 
Additional candidate genes for the genetic manipulation of leaf angle, not directly 
related to hormonal mechanisms, are summarized in Table 1, and Figs 1 and 2. Their functions 
have been related to multiple and complex biological processes that include leaf development, 
leaf polar surface differentiation (adaxial–abaxial surfaces), and organ and tissue 
differentiation. Besides BR-related genes, candidates such as OsAGO7 and the LIGULELESS 
genes (LG1, LG2, LG3, and LG4) are interesting discoveries with a reported effect on the leaf 
angle but no pleiotropic effects on plant height, fertility, grain size, or other phenotypic 
determinants of yield (Figs 1, 2). A clear example of the manipulation of these candidate genes 
was recently reported by Li et al. (2017). In maize, the induced mutation in LG1 by RNA-
guided Cas9 reduced the leaf angle of the overall canopy without altering plant height or 
fertility. Further analysis of the progeny indicated that the mutation was largely heritable and 
that hybrids carrying the mutation presented an average angle 50% smaller than the wild type, 
which translated into an increase in plant density of 90 000 plants ha–1, in net photosynthesis 
31 
 
by 16%, and yield by 2% (Li et al., 2017). Although the authors did not present leaf angle data 
for each of the seven measured leaves, it was possible to conclude from the published images 
that the upper canopy was more dramatically affected than the lower leaves. These findings 
support the hypothesis that breeding or genetic manipulations for differential leaf angle across 
the canopy is possible. 
It is clear from the numerous studies summarized above that although our 
understanding about the genetic control of leaf angle through hormonal regulation is growing 
significantly, the experimental design implemented in most studies precluded us from 
dissecting the genetic control at each canopy level. The targeted leaf in each individual study 
is graphically summarized in Figs 1 and 2, for rice and maize genes reported to affect leaf 
angle. In some cases, only one or a few leaves were characterized in mutant or transgenic 
studies, but each scientific group selected a different leaf or leaves for their analysis. In other 
cases, the overall response of the canopy is described but detailed information about each 
canopy layer was not reported (Figs 1, 2). 
In spite of these experimental discrepancies that could be overcome in the future in 
light of the new ‘smart canopy’ model, BRs stand out as one of the most important hormonal 
groups to utilize as breeding targets for differential manipulation of leaf angle. The 
overexpression, down-regulation, or lack of function of specific genes such as DWARF4, BU1, 
and LIC showed that it is possible to manipulate leaf angle (Figs 1, 2) without compromising 
other important agronomic traits that include plant height, fertility, and yield. Using this 
criterion of minimizing undesirable pleiotropic effects, other interesting candidate genes are 
indicated in Figs 1 and 2. However, further investigation of these potentially useful candidates, 
in terms of their effect on leaf angle at each canopy level, would be essential before they 
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become targets for editing, transgenic approaches, or breeding-based improvements to develop 
‘smart canopies’ with differential leaf angle distribution throughout the plant to increase 
productivity. 
Manipulating GA-related genes might be beneficial if novel candidates are discovered 
when implementing methodologies to quantify differential leaf angle phenotypes. However, 
the frequently reported undesirable pleiotropic effects associated with GA genes, particularly 
on plant height and yield, suggest that the exploitation of this hormonal group will require 
further scientific investigation of their crosstalk with other hormones and of novel strategies to 
manipulate individual genes that will not exert undesirable effects on yield component traits. 
Considering the contradictory results about the role of auxins on the regulation of leaf 
inclination, their manipulation to develop germplasm with superior canopy architecture will 
be halted until their biological functions and crosstalk mechanisms with other hormones are 
elucidated. 
 
Quantitative genetic evidence of leaf angle control 
Numerous studies have been conducted to investigate the natural variation in leaf angle 
(Li et al., 1999; Hart et al., 2001; Mickelson et al., 2002; Lu et al., 2007; Ku et al., 2010; Tian 
et al., 2011; L. Wang et al., 2011; Zhao et al., 2016) and have demonstrated that it is a 
quantitative trait controlled by several genes/genomic regions (Moreno et al., 1997; Liu et al., 
2007; Yu et al., 2007; Ku et al., 2011; Dong et al., 2016). Maize has been extensively studied 
using both linkage mapping to identify QTLs in bi-parental populations (Mickelson et al., 
2002; Lu et al., 2007; Ku et al., 2010, 2011; Chen et al., 2015; Li et al., 2015) and genome-
wide association studies (GWAS) using the nested association mapping (NAM) population 
(Tian et al., 2011). The maize QTLs controlling leaf inclination have been summarized in Table 
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2, and they explained between 0.45% and 85% of the variation (Table 2). Several genes have 
been cloned as the outcome of the combined use of quantitative genetics and induced or natural 
mutants (summarized in Table 1 and Fig. 2). 
In rice, the first QTL report for leaf and tiller angle identified the locus ‘ta1’, later 
called ‘qTA’, that explained 13.2, 20.7, and 47.5% of the phenotypic angle variation for the 
flag leaf, the second upper leaf (below flag leaf), and tiller, respectively (Li et al., 1999). Other 
QTLs were identified on chromosomes 2 and 7 with similar effects on both the second upper 
and flag leaf. Interestingly, the same region on chromosome 5 controlled leaf inclination on 
both leaves but with very different magnitudes, explaining 22.1% of the variation in the flag 
leaf but only 3.5% in the second upper leaf (Li et al., 1999). This result demonstrates that, even 
if the same QTL controls angle at multiple leaves, the effect could be drastically different. 
Additionally, there was evidence of independent genetic control (Li et al., 1999); for example, 
QTLs on chromosomes 9 and 6 were only associated with variation in flag leaf angle, while 
intervals on chromosomes 2 and 3 were exclusively discovered for the second upper leaf. This 
study provided solid evidence to suggest that natural variation for the independent genetic 
control of inclination at different leaves exists and that the development of superior germplasm 
with a ‘smart canopy’ will be possible once this independent control is completely dissected. 
After this initial report, several groups have investigated this important trait in rice by 
measuring the angle in one or up to three upper canopy leaves that were later averaged, losing 
valuable information about individual leaves (Dong et al., 2003; Wang et al., 2011; Hu et al., 
2012; Cai et al., 2015; Dong et al., 2016). Nevertheless, one major effect QTL was identified 
on chromosome 9 using multiple populations (Li et al., 1999; Qian et al., 2001; Yu et al., 2005; 
Wang et al., 2011), and this initial discovery led to the characterization and cloning of the 
34 
 
TILLER ANGLE CONTROL 1 (TAC1) gene that causes a dramatic change in both tiller and 
leaf angle (Yu et al., 2007). Further research discovered regions on chromosomes 1, 2, 8, and 
12 for flag leaf angle with similar effects across different bi-parental populations (Dong et al., 
2003; Hu et al., 2012; Cai et al., 2015). For example, the QTLs on chromosome 2 reported by 
Dong et al. (2003), Hu et al. (2012), and Cai et al. (2015) explained 13.18, 12.5, and 11.8% of 
the variation, respectively. Even though this result suggests that some regions of the rice 
genome are important for the control of flag leaf angle, the detection of QTLs is population 
dependent and thus population-specific loci have also been reported on chromosomes 3, 5, 6, 
7, and 9 (Dong et al., 2003; Cai et al., 2015). 
The co-localization of loci associated with leaf and tiller angle variation was 
consistently reported in rice by different groups (Li et al., 1999; Qian et al., 2001; Yu et al., 
2007; L. Wang et al., 2011) and the discovery of genes/QTLs with pleiotropic effects on these 
two important traits open up opportunities to develop cultivars that have better leaf angle 
architecture across the canopy and a smaller tiller angle or complete absence of tillers. These 
combined phenotypes could improve light interception and facilitate rice planting at higher 
densities. 
The genetic architecture of leaf inclination is poorly understood in other agronomically 
important cereal crops. In wheat, although its mode of inheritance was discovered decades ago 
(Nigam and Srivastava, 1976; Joshi and Chand, 2002), the first QTL report was only published 
in 2012 (Isidro et al., 2012). Important genomic regions were identified on chromosomes 2A, 
3A, 3B, 5B, and 7A of durum wheat, controlling the angle of the flag and penultimate leaf in 
greenhouse conditions and explaining 8.9–37.2% of the phenotypic variation. Using the same 
population under field conditions, different QTLs were discovered on chromosomes 2B and 
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4B for the penultimate leaf, and on chromosome 7A for flag leaf (a different locus from the 
greenhouse analysis), explaining 12.0–15.0% of the phenotypic variation (Isidro et al., 2012). 
Recently, eight loci specifically associated with flag leaf inclination were mapped on 
chromosomes 1B, 2B, 3A, 4D, and 5B of winter wheat (Yang et al., 2016). Even though they 
all had small effects (2.18–4.01% of the phenotypic variation), the intervals on chromosome 
3A and 5B.3 were consistent across multiple environments. Co-localization of leaf angle QTLs 
with those for other morphological traits was observed in that study, including flag leaf length, 
width, length to width ratio, and flag leaf area. This co-localization that could be attributed to 
either QTL clusters for correlated traits or genes in those regions with pleotropic effects must 
be taken into consideration if any of these loci are introduced in wheat breeding programs to 
manipulate canopy architecture (Yang et al., 2016). 
In sorghum, both linkage and association mapping studies have been reported for leaf 
angle (Hart et al., 2001; Mantilla Perez et al., 2014; Truong et al., 2015; Zhao et al., 2016). 
Association mapping is an alternative to linkage analysis that explores the phenotype–genotype 
associations of unrelated individuals within a population, exploiting historical recombination 
events (Zhu et al., 2008). Hart et al. (2001) characterized the third upper leaf and discovered 
regions associated with angle variation on chromosomes 1, 7, and 10. The QTL on 
chromosome 7, Qlea.txs-E, controlled up to 45% of the variation (Hart et al., 2001) and 
spanned a 4.5 Mb region with several hundreds of genes. In 2015, Truong et al. discovered the 
same major QTL, in addition to loci localized on chromosomes 1, 3, and 5, using both a grain 
and biomass type populations under greenhouse and field conditions. This research group 
characterized leaf inclination for the third and fourth leaf under the whorl, during the vegetative 
growth period. The major effect QTL on chromosome 7 includes the auxin transporter 
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DWARF3 gene (Dw3) (Multani et al., 2003; Brown et al., 2008; Knöller et al., 2010) that 
controls plant height and was segregating in the grain but not in the biomass population. Seven 
dw3 natural revertants were characterized as taller plants with more horizontal leaves, and this 
observation led to the conclusion that Dw3 is the causal gene underlying the QTL on 
chromosome 7 that controls leaf angle variation in sorghum (Truong et al., 2015). On the other 
hand, Zhao et al. (2016) performed a sorghum GWAS for plant architecture traits, in which 
markers on chromosomes 1, 3, 6, 7, and 9 were associated with leaf inclination, with those on 
chromosome 7 being the most significant and with the largest phenotypic effect (~16%). In 
contrast to previous studies, further analysis of this region revealed that the signal captured by 
the Dw3 gene was not significant in comparison with other markers within this chromosomal 
segment (Zhao et al., 2016). Therefore, the authors suggested that Dw3 is not the only causal 
gene in this region that controls leaf inclination (Zhao et al., 2016). Additionally, Mantilla 
Perez et al. (2014) conducted the only sorghum study to investigate the associations between 
natural variation in BR candidate genes and leaf angle using the second upper leaf 
(immediately below the flag leaf). Markers on three BR signaling genes [BRI1 ASSOCIATED 
RECEPTOR KINASE 1 (BKI1), BRI1 SIGNALING KINASE 1 (BSK1), and BES1] and two 
biosynthesis genes [DWARF7 (DWF7) and PHYB ACTIVATION-TAGGED SUPPRESSOR1 
(BAS1)] were associated with leaf angle, explaining between 2.7% and 6.3% of the phenotypic 
variation. These genes showed pleiotropic effects on other plant architecture traits including 
plant height, stem circumference, panicle length, panicle exsertion, and flowering time 
(Mantilla Perez et al., 2014), As previously discussed, these pleiotropic effects have also been 
reported in other species (Wang and Chory, 2006; Bai et al., 2007; Jaillais et al., 2011; H. 
Wang et al., 2011; Y. Zhang et al., 2012); for example, mutants of BSK1 in rice resulted in 
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dwarf plants with erect leaves (Bai et al., 2007; S. Zhang et al., 2012). Likewise, BKI1 mutants 
in Arabidopsis showed phenotypes with modified canopy architecture such as the rosette 
radius, petiole angle, and petiole length (Wang and Chory, 2006; Jaillais et al., 2011; H. Wang 
et al., 2011) while Arabidopsis mutants of BES1 showed longer petioles and curly leaves (Yin 
et al., 2002). 
In summary, quantitative genetic studies in cereal species consistently demonstrated 
that leaf angle control is complex and determined by multiple loci with variable effects that, in 
some cases, are pleiotropic and affect other important agronomic traits. Emerging evidence 
suggests that there is both leaf-dependent and leaf-independent inclination control that could 
be exploited to develop optimized canopies with differential angles at each plant level. 
 
Can high-throughput phenotyping be used to estimate leaf angle at different canopy 
levels? 
In 2009, the term ‘phenomics’ was introduced in plant science as a suite of tools that 
leverages imaging technologies from the medicine field to the study of plants (Finkel, 2009). 
Later on, ‘phenomics’ was described as the ‘study of plant growth, performance and 
composition’ (Furbank and Tester, 2011) or the techniques used to improve phenotyping 
research (White et al., 2012). Nowadays, high-throughput phenotyping (HTP) has become the 
preferred approach used by the plant science community to better assess plant development 
and growth, root and shoot architecture, photosynthetic capacity, and biotic and abiotic stress 
responses. 
The broad spectrum of devices and platforms created for HTP is constantly growing 
and include: (i) field robots guided by GPS with digital cameras to measure plant architecture 
and growth (Barker et al., 2016; Salas Fernandez et al., 2017); (ii) satellite and aerial images 
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using thermal, multispectral, and near-infrared cameras to measure vegetative indices 
(Liebisch et al., 2015; Haghighattalab et al., 2016; Deery et al., 2016); (iii) ‘shovelomics’, 
‘GROWSCREEN-Rhizo’, and ‘Microphenotron’ to determine root architecture (Trachsel et 
al., 2011; Nagel et al., 2012; Burrell et al., 2017); and (iv) high-quality images and devices 
such as chlorophyll fluorimeters, red–green–blue (RGB) stationary and web cameras, 
ultrasonic distance sensors, thermal infrared radiometers, and spectrometers to measure 
chlorophyll fluorescence, light interception, canopy temperature, and photo-protection 
(Rousseau et al., 2013; Cabrera-Bosquet et al., 2016; Deery et al., 2016; Meacham et al., 2017). 
Additionally, significant resources are devoted to improve data analysis, feature extraction, 
and processing methods, including integrated platforms for image analysis and 3D 
visualization (Klukas et al., 2014; Bergsträsser et al., 2015; Müller-Linow et al., 2015; Cai et 
al., 2016), and the application of machine learning to avoid human mistakes in the phenotypic 
characterization of biotic and abiotic stresses (Singh et al., 2016). Several facilities around the 
world have been created to measure complete sets of phenotypes at different developmental 
stages and alternative experimental conditions (Araus and Cairns, 2014). Those facilities 
include growth chambers with multiple sensors and cameras (Granier et al., 2006; Zhang et al., 
2012; Junker et al., 2015; Arend et al., 2016), and intelligent greenhouses that can fill pots with 
specific amounts of soil, control water, fertilizer, and move plants to image stations where 
pictures are collected for further analysis (Honsdorf et al., 2014; Al-Tamimi et al., 2016; 
Avramova et al., 2016; Nakhforoosh et al., 2016). Under field conditions, a recent novel 
approach has been implemented based on an automated robotic platform called ‘field 




In spite of the significant investments in HTP technology development, the 
investigation of leaf angle using ‘phenomic’ approaches has been limited. Most of the 
successful attempts to characterize leaf angle at different canopy levels have been performed 
under controlled conditions, because phenotyping individually potted plants simplifies the 
image processing and feature extraction methods. Cabrera-Bosquet et al. (2016) were able to 
extract leaf angle data at three time points (20, 35, and 50 d after sowing) from images of maize 
genotypes grown in greenhouse conditions. This study also confirmed that plants with overall 
upright leaves had higher light interception capacity than those with more horizontal leaves 
(Cabrera-Bosquet et al., 2016). Another image-based HTP study investigated leaf angle of 
wheat seedlings under controlled conditions and demonstrated that 3D reconstruction of plants 
could be efficiently performed and used to monitor the trait over time (Duan et al., 2016). 
Although the technology was only applied during early vegetative growth, inclination of 
individual leaves was successfully quantified and demonstrated the change of leaf angle over 
time (Duan et al., 2016). It is important to emphasize that the dynamic characterization of leaf 
angle over the growing cycle should be part of the genetic characterization of this trait using 
HTP approaches. These studies provided a proof of concept and have advanced HTP methods 
for leaf angle characterization, but these technologies have not yet been applied at large scale 
to discover the genetic architecture of leaf angle at multiple canopy levels. 
Taking advantage of 3D images from potted plants under greenhouse conditions, QTL 
analyses were performed in sorghum and maize from leaf angle data collected throughout the 
canopy at different developmental stages (McCormick et al., 2016; Zhang et al., 2017). 
McCormick et al. (2016) extracted leaf angle measurements of sorghum plants at four time 
points (27, 34, 39, and 44 d after planting) that were highly correlated (r=0.95) with manual 
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measurements. However, the identification of QTLs was performed using average values for 
leaves 3, 4, and 5 under the whorl at each of the four time points (McCormick et al., 2016). 
Therefore, there is an opportunity to exploit a data set like this to investigate each individual 
leaf and discover the genetic architecture of leaf inclination at different canopy levels. As 
previously reported, a QTL on chromosome 7 was found associated with leaf angle at all time 
points, but, interestingly, unique regions were also discovered at each developmental stage 
(McCormick et al., 2016). In maize, images were used for QTL mapping of several plant 
architecture traits, including leaf angle (Zhang et al., 2017). Three different descriptors were 
estimated at 16 time points in development from day 22 to day 67 after sowing: leaf tangency 
angle (average angle across the plant), leaf tangency angle above (average angle on the upper 
half), and leaf tangency angle below (average angle on the lower half). This study reported 58 
unique QTLs for the three descriptors of leaf angle and, surprisingly, none of them was 
identified in both the upper and lower canopy, providing another piece of evidence to suggest 
that leaf angle is under independent genetic control at different levels of the canopy. These two 
studies are of indubitable value because they demonstrate the feasibility of measuring angle at 
individual leaves under controlled conditions and show potential to discover individual QTLs 
for each leaf throughout the canopy. 
Estimating angles of individual leaves under field conditions implies that the challenges 
imposed by high planting density and variable environmental conditions must be overcome. 
Canopies of neighboring plants overlap, wind affects leaf position and induces breakage, and 
leaf orientation relative to the planted row should be considered when developing sensors and 
algorithms for leaf angle estimation. As expected considering all these difficulties, field HTP 
research to investigate leaf angle is very limited. Vadez et al. (2015) reported high correlations 
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between ground truth and 3D image-derived values of leaf area; obtaining an R2=0.86 for 
individual plants of pearl millet, and R2=0.96 for field-like planting density in greenhouse 
conditions. Even though the authors indicated that the platform could be used to estimate leaf 
angle (Vadez et al., 2015), no information was presented for this trait. Müller-Linow et al. 
(2015) developed a software package for the reconstruction of 3D stereo images that allow the 
quantification of leaf angle distribution in different canopies. Their proposed methods were 
evaluated in Arabidopsis, trees, sugar beet, and barley, to cover very diverse types of canopies 
and growth patterns. Even though this approach was a very valuable foundational effort to 
estimate leaf angle distribution throughout the canopy, the authors recognized some of the 
challenges associated with this trait under field conditions. Those difficulties include obtaining 
the optimum number of pixels to reconstruct thin leaves successfully, controlling the sunlight 
reflection that can lead to inaccurate disparity maps, re-calibrating cameras if they are not at a 
fixed position, and minimizing windy and occlusion conditions that limit the reconstruction 
capability (Müller-Linow et al., 2015). 
In spite of the limited number of HTP studies investigating leaf angle to date, it is clear that 
the future of genetic research to dissect the control of leaf inclination throughout the canopy 
will lie in further development of this interdisciplinary area, and of devices and feature 
extraction algorithms to estimate this trait from complex and dense canopies under field 
conditions. 
Conclusions 
Challenges and strategies to breed for optimal leaf angles at different canopy levels 
The proposed ideal canopy architecture was based on modeling and simulation analyses 
(Long et al., 2006; X.G. Zhu et al., 2008, 2010; Murchie and Niyogi, 2011; Ort et al., 2015), 
but the major challenge to develop highly efficient crop species with differential leaf angles at 
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multiple plant levels relies on the significant knowledge gap about the genetic control of this 
trait throughout the canopy. As summarized in previous sections, the QTLs, genes, or genomic 
regions identified by forward or reverse genetic approaches have established a solid foundation 
for the genetic improvement of this complex trait. However, since those studies characterized 
one, two, or three continuous leaves but not at multiple levels of the canopy, the discoveries 
might not be applicable for the differential manipulation of leaf inclination throughout the 
plant. Future research in this area should investigate the angle at all plant levels to make 
connections between the proposed plant ideotype and genetic discoveries that will facilitate 
the development of a ‘smart canopy’. Current evidence summarized herein suggests that there 
is both a leaf-independent and leaf-dependent angle control that needs to be dissected to 
manipulate this important yield determinant trait efficiently. 
The detailed review of leaf angle research projects also revealed that each group 
working on a particular species selected different leaves for their analysis, which could prevent 
the successful application of comparative genomic approaches for gene discovery. Most rice, 
wheat, and sorghum studies characterized the upper canopy, mostly the flag leaf, while maize 
studies are usually focused on the leaf right above and/or below the ear. 
The developmental stage is another important experimental conditions to be revised in 
future genetic research of leaf angle control. Leaf inclination has been mainly measured at 
maturity or at the end of the season in maize, rice, wheat, and sorghum studies, partly because 
the characterized leaf is more easily identified during that period relative to the ear or terminal 
panicle. Additionally, leaf inclination is frequently phenotyped together with other plant 
architecture or yield component traits in a particular project and, if the final goal is to 
investigate yield, the end of the season is the targeted developmental stage. Advantages of 
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measuring leaf angle at plant maturity include that the study can be accurately replicated and 
the results could be cross-validated on different genetic backgrounds, environments, and 
species. However, the limitation of this approach relies on the narrow developmental scope of 
the discoveries and impedes the dynamic characterization of this trait over time. Only a few 
quantitative genetic studies have investigated leaf angle during the vegetative period. Truong 
et al. (2015), McCormick et al. (2016), and Zhang et al. (2017) measured average leaf angle of 
sorghum and maize plants under greenhouse conditions at different time points, providing 
interesting results about the genomic regions that control this trait over time. However, in some 
cases, the leaf number and the specific developmental stage under investigation are unknown 
and, thus, the discoveries are difficult to replicate or cross-validate. 
In summary, there is abundant evidence of candidate genes and genomic regions 
affecting leaf angle in cereal crops, but the employed methods and the intrinsic difficulties 
associated with phenotyping this trait have not facilitated the discovery of genetic mechanisms 
controlling leaf inclination at different levels of the canopy. Genetic research on leaf angle will 
benefit from modifying protocols and employing novel methods to characterize leaves 
throughout the canopy at multiple developmental points. Although field HTP methods have 
not been applied yet to characterize all leaves in the canopy at large scale, they are undoubtedly 
a very valuable resource to advance the genetic research of leaf angle towards the development 
of an efficiently designed canopy arrangement. Currently available HTP aerial platforms will 
probably not provide data at lower canopy levels and, thus, ground-based or in planta sensors 
should be thoroughly tested to evaluate their efficiency and accuracy to obtain detailed canopy 
data at all layers. Even if the angle at individual leaves cannot be accurately quantified under 
field and dense canopy conditions, novel parameters derived from image-based HTP 
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approaches (e.g. hedge or canopy width at different plant levels) could be utilized as a proxy 
to quantify leaf angle variability among diverse germplasm for gene discovery and selection. 
Considering that both natural and induced genetic variations in leaf inclination are available in 
multiple species, breeding for the proposed ‘smart canopy’ crop will be possible after the 
genetic architecture of this trait at multiple levels of the plant is comprehensively investigated 
and dissected, keeping in mind the physiologically determined optimal plant ideotype. 
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Fig. 1. Genes affecting leaf angle (LA) in rice. Graphical representation of rice genes controlling leaf inclination 
and the specific leaf under investigation in the corresponding study. The reported effect of the gene is indicated 
by ‘>’, increases LA, or ‘<’, decreases LA. Font color represents the experimental genetic approach of the study: 
red, down-regulation or knockout mutant; blue, overexpression study. The most interesting candidate genes for 
the genetic manipulation of leaf angle without undesirable pleiotropic effects on plant height, fertility, or yield 
are indicated in bold. OsBRI1, BRASSINOSTEROID INSENSITIVE 1 (Yamamuro et al., 2000). OsDWARF (Hong 
et al., 2002). CYP90D2, CYTOCHROME P450 90D2 (Hong et al., 2003). OsBZR1, BRASSINAZOLE RESISTANT 
1 (Bai et al., 2007). OsDWARF4 (Sakamoto et al., 2006). OsSPY, OsSPINDLY (Shimada et al., 2006). TAC1, 
TILLER ANGLE CONTROL 1 (Yu et al., 2007). OsLG1, LIGULELESS1 (Lee et al., 2007). OsAGO7, SHOOT 
ORGANIZATION 2 (Shi et al., 2007). BU1, BRASSINOSTEROID UPREGULATED 1 (Tanaka et al., 2009). 
RAVL1, RELATED TO ABSCISIC ACID INSENSITIVE3 VIVIPAROUS 1 (Je et al., 2010). OsLIC, LEAF AND 
TILLER ANGLE INCREASED CONTROLLER (C. Zhang et al., 2012). LC2, LEAF INCLINATION2 (Zhao et al., 
2010). ZmCLA4, CONTROLLING LEAF ANGLE 4 (Zhang et al., 2014). RAV6, RELATED TO ABSCISIC ACID 
INSENSITIVE3 VIVIPAROUS 6 (X. Zhang et al., 2015). OsBUL1, BRASSINOSTEROID UPREGULATED 1-





Fig. 2. Genes affecting leaf angle (LA) in maize. Graphical representation of maize genes controlling leaf 
inclination and the specific leaf under investigation in the corresponding study. The reported effect of the gene is 
indicated by ‘>’, increases LA, or ‘<’, decreases LA. Font color represents the experimental genetic approach of 
the study: red, down-regulation or knockout mutant; blue, overexpression study. The most interesting candidate 
genes for the genetic manipulation of leaf angle without undesirable pleiotropic effects on plant height, fertility, 
or yield are indicated in bold. LG1, LG2, LG3, LG4, LIGULELESS 1, 2, 3, 4 (Lambert and Johnson, 1978; Bauer 
et al., 2004; Tian et al., 2011; Li et al., 2017). ZmTAC1, TILLER ANGLE CONTROL 1 (Ku et al., 2011). BRD1, 
BRASSINOSTEROID DEFICIENT DWARF1 (Makarevitch et al., 2012). LGN-R, LIGULELESS-NARROW 
(Moon et al., 2013; Buescher et al., 2014). ZmCLA4, CONTROLLING LEAF ANGLE 4 (Zhang et al., 2014). NA2, 






Table 1. Cloned genes associated with changes in leaf angle in cereal crop species 
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a Rounded up percentage of variation (PVE) to avoid the use of decimals.  
RFLP, restriction fragment length polymorphism; RIL, recombinant inbred population; SNP, single 




CHAPTER 3.    GENETIC CONTROL OF LEAF ANGLE THROUGHOUT THE 
CANOPY TO INCREASE PRODUCTIVITY IN SORGHUM 
Abstract 
Leaf angle is one of the strategic determinants of grain yield in cereal crops like corn, 
rice, wheat, and sorghum. Recent studies in crop modelling have proposed a plant ideotype 
with an optimized architecture with erect leaves on the upper canopy and more horizontal 
leaves at lower levels. This arrangement could maximize light interception and photosynthetic 
efficiency, contributing to secure the demands for food, feed, fiber, and fuel. Our data 
demonstrates that the current leaf angle distribution in sorghum opposes the ideotype, being 
extended in the upper canopy and upright in the middle and lower canopy, meaning that a 
differential manipulation of leaf angle across the canopy is needed to develop high yielding 
varieties. We have conducted genome wide association studies (GWAS) and quantitative trait 
loci (QTL) to better understand the genetic mechanisms underlying the control of leaf angle at 
different levels of the canopy. Our findings suggest that the high-throughput image-derived 
variable, plot-based plant width (PPW), is a good descriptor of leaf angle. Also, this trait is 
controlled by common and independent regions at different levels of the canopy that can be 




Leaf angle, the inclination between the midrib of the leaf blade and the stem of a plant, 
is one of the strategic plant architecture traits used in the development of high-yielding 
varieties of cereal crops. Reports of the effect of leaf angle on yield and photosynthesis started 
in the 1960’s (Pendleton et al., 1968; Duncan, 1971) and since then it has been considered an 
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important component in breeding programs of cereal crops such as maize, rice, wheat, and 
sorghum. Based on modelling studies, a “smart canopy”, with vertical leaf angles at the top of 
the canopy and more horizontal angles towards the bottom, have been proposed to improve 
light distribution and maximize the potential of light interception across the canopy to increase 
photosynthesis and yield (Ort et al., 2015). This canopy ideotype, together with the proposed 
idea of differential manipulation of leaf angle throughout the canopy (Mantilla-Perez and Salas 
Fernandez, 2017), offers encouraging opportunities for unveiling the genetic mechanisms 
controlling leaf angle in different leaves and at different canopy levels. 
 Several studies have investigated the genetic control of leaf angle in cereal species (Li 
et al., 1999; Hart et al., 2001; Mickelson et al., 2002; Lu et al., 2007; Ku et al., 2010; Tian et 
al., 2011; Wang et al., 2011; Zhao et al., 2016), and various approaches have demonstrated that 
leaf angle is a quantitative trait controlled by numerous genomic regions (Moreno et al., 1997; 
Liu et al., 2007; Yu et al., 2007; Ku et al., 2011; Dong et al., 2016). In maize, for example, the 
identification of genomic regions associated with leaf angle and the use of mutants led to the 
identification of important genes such as LIGULELESS 1 - 4 (LG1, LG2, LG3, and LG4) 
(Moreno et al., 1997; Bauer et al., 2004; Liu et al., 2007; Makarevitch et al., 2012). Linkage 
and association mapping studies have also provided important information about the many 
genomic regions that affect leaf angle and the broad range of phenotypic variation explained -
0.45% to 85%- (Mickelson et al., 2002; Lu et al., 2007; Ku et al., 2010, 2011; Tian et al., 2011; 
Chen et al., 2015; Li et al., 2015b).  
In most studies in maize, a maximum of two leaves were investigated focusing on those 
immediately above and/or below the ear (Ku et al., 2010; Chen et al., 2015; Li et al., 2015b), 
while in a few cases, the second upper leaf was targeted (Tian et al., 2011; Mansfield and 
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Mumm, 2014). When more than two leaves were characterized, only an average angle has been 
reported (Mickelson et al., 2002; Zhang et al., 2014; Ding et al., 2015). These experimental 
designs have impeded the opportunity to identify regions associated with leaf angle at each 
canopy layer. In rice, QTL studies had facilitated the discovery of genomic regions that explain 
3.5% - 23% of the phenotypic variation (Li et al., 1999; Wang et al., 2011; Hu et al., 2012; Cai 
et al., 2015; Dong et al., 2016). In most studies, angles of different leaves were averaged or the 
flag leaf and the second upper leaf were only measured (Li et al., 1999; Hu et al., 2012; Cai et 
al., 2015).  Li et al., (1999) reported that common and unique QTL affected the flag leaf and 
the consecutive leaf below it, demonstrating that leaf angle of different leaves is controlled by 
independent genes. The identification of unique genomic regions or genes controlling angles 
of different leaves could be valuable to engineering the proposed ideotype.  
In the first QTL mapping report of leaf angle in sorghum, a region on chromosome 7, 
Qlea.txs-E, was associated with the trait for the third upper leaf, explaining 28.5% - 45% of 
the phenotypic variation (Hart et al., 2001). This region spanned 4.56 Mbp, including more 
than 400 annotated genes in the Sb1 genome, and has been also identified in other GWAS and 
QTL studies (Hart et al., 2001; Truong et al., 2015; McCormick et al., 2016; Zhao et al., 2016). 
Truong et al. (2015) and McCormick et al. (2016), using high density markers, reduced the 
interval to 0.8 – 2.0 Mbp depending on the developmental stage of the plant and environment. 
Within this region, a plant height gene, DWARF3 (Dw3) (Multani et al., 2003; Brown et al., 
2008; Knöller et al., 2010), was identified as the causal gene of the leaf angle variation based 
on seven lines that reverted from the mutated recessive homozygous (dw3/dw3) genotype to 
the heterozygous (Dw3/dw3) genotype by unequal crossing over (Truong et al., 2015). While 
this region was also identified by Zhao et al., (2016) after a GWAS was performed for angle 
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of the pre-flag leaf, the signal from Dw3 was not significant, suggesting that other gene(s) near 
Dw3 could also affect leaf angle. This hypothesis is also supported by the identification of a 
leaf angle QTL in this region in a biomass population that was not segregating for the gene 
Dw3 (Truong et al., 2015).  
Other important genomic regions have been associated with leaf angle in linkage 
mapping, GWAS, and candidate genes association studies, demonstrating that this trait is 
controlled by the cumulative effect of many genes across the sorghum genome (Hart et al., 
2001; Mantilla Perez et al., 2014; Truong et al., 2015; McCormick et al., 2016; Zhao et al., 
2016). Similarly to maize and rice, most studies have been limited to only one leaf (Hart et al., 
2001; Mantilla-Perez et al., 2014; Zhao et al., 2016) and up to three-leaf averaged angles 
(McCormick et al., 2016), missing the opportunity to identify QTL at different canopy levels. 
Truong et al., (2015) characterized the angles of leaves 3 and 4 under the whorl, not only 
demonstrating that the region on chromosome 7 was associated with both leaves, but also 
identifying other QTL affecting only the leaf 4.  These discoveries support the idea that leaf 
angle is controlled by many genes in sorghum, some affecting the overall canopy and others 
only specific leaves. 
Considering that leaf angle measurements are time-consuming and labor-intensive, the 
study of representative leaves at each canopy level could be a useful approach to investigate 
the differential control of leaf angle. Additionally, the use of images obtained from high-
throughput phenotyping (HTP) platforms, could generate new knowledge about this 
challenging phenotype. We have developed and utilized as a proxy for leaf angle, a novel 
descriptor called plot-base plant width (PPW) at different levels of the canopy. The objectives 
of our research were: i) to discover the genetic regions associated with PPW at different canopy 
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levels (upper, medium, and lower) using a GWAS and HTP images; ii) to identify the genomic 
regions controlling angle of the pre-flag leaf (PFL), leaf 4 (L4) and leaf 5 (L5) using QTL 
mapping of three bi-parental populations; iii) to compare the genomic regions identified by 
GWAS and QTL mapping as an independent validation step; iv) to demonstrate that common 
and independent genomic regions control leaf angle at different levels of the canopy using 
GWAS and QTL approaches; and iv) to dissect the previously reported region controlling leaf 
angle on chromosome 7. 
 
Materials and Methods 
Populations 
A diverse sorghum collection of 342 accessions from the sorghum association panel 
(SAP) was used for the association analysis (Casa et al., 2008). The SAP has been characterized 
for numerous traits in previous association studies (Brown et al., 2008; Morris et al., 2013; 
Mantilla Perez et al., 2014; Zhao et al., 2016; Salas Fernandez et al., 2017). 
For QTL mapping, three bi-parental populations were selected based on haplotypes of 
parental lines for the region on chromosome 7 reported by Zhao et al., (2016) (Table 1). 
Population 1 (Pop1) consisted of 339 F2:5 lines generated using the pedigree method from 
SC603 (PI533936) and SC558 (PI533938). This population, generated for this study, had not 
been previously characterized. Population 2 (Pop2), included 242 RILs derived from Tx430 
and P898012 and was kindly provided by Dr. Jianming Yu (Li et al., 2015a). Population 3 
(Pop3) was a subset of 146 RILs derived from BTx623 and IS3620C, characterized for multiple 
plant architecture traits, including leaf angle (Hart et al., 2001; Truong et al., 2015; McCormick 
et al., 2016). This subset was selected based on haplotypes defined by markers on chromosome 




The SAP as well as Pop 2 and 3 were genotyped using genotyping by sequencing (GBS) 
technology (Elshire et al., 2011). The public data set of markers of the SAP contained about 
265,000 single nucleotide polymorphisms (SNPs) (Morris et al., 2013), Pop2 contained of 
8,961 SNPs (Li et al., 2015a), and Pop3 contained of 10,389 polymorphisms (SNPs and Indels) 
(Truong et al., 2015). 
Genomic DNA was extracted from each individual of Pop1 at seedling stage. The tissue 
was lyophilized and sent to the Iowa State University (ISU) genomics facility for DNA 
extraction using the BioSprint 96 DNA Plant Kit (QIAGEN, Valencia, CA). Quantification of 
double-stranded DNA was performed by fluorescence using the Quant-iT PicoGreen dsDNA 
Assay Kit (Invitrogen, Carlsbad, CA). Each sample was genotyped using Sequence-Based 
Genotyping (SBG) technology at the University of Minnesota Genomics Center. A library of 
fragments was prepared using the restriction enzyme ApeKI and SNPs were obtained using 
Illumina NextSeq. The population was genotyped at 1M reads / sample.  After imputation of 
missing calls, and filtering for less than 30% of missing data, a total of 11,817 SNPs were 
retained for further analysis.  
The 882 bp tandem duplication of the dysfunctional allele dw3 was genotyped in 
individuals of Pop3, since this gene has been reported as the main cause of leaf angle variation 
in this population (Truong et al., 2015). Genomic DNA was extracted from each individual at 
seedling stage using the standard cetyl-trimethyl-ammonium-bromide (CTAB) method 
(Doyle, 1987). Samples were quantified by spectrometry using nanodrop (NanoDrop 
Technologies, Wilmington, DE), and diluted to 10 ng/uL. The presence/absence of the tandem 
duplication was scored by polymerase chain reaction (PCR) using previously reported primers 
(Barrero Farfan et al., 2012) and another set of primers (forward: 
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AGCATCCACGACAACATCG / reverse: GATGGTGCTTGAGCAGGTG). The PCR 
products were visualized in 1% agarose gel using SYBR SAFE® intercalant dye (Invitrogen, 
Carlsbad, CA). 
Experimental Design and Phenotypic Data Collection 
The SAP was grown in a randomized complete block design (RCBD) in two 
environments as described by Salas Fernandez et al. (2017). The population was phenotyped 
using “Phenobot 1.0”, an automous navigation field-based platform equipped with stereo 
cameras for image-based high throughput phenotyping (Salas Fernandez et al., 2017). An 
image-derived phenotype called plot-based plant width (PPW) was generated by Bao et al. 
(2018) reconstructing two-view stereo images into 3D point clouds using a 3D minimum 
spanning tree (3DMST) algorithm on Middlebury Stereo Evaluation 3.0. A bounding box was 
extracted from the point cloud of each plot and was then partitioned into 20 volume slices 
(Nslice) along with the plot row direction. PPW was estimated as a weighted median of the Nslice 
considering the Z-axis or width coordinate shown in Figure 1 (Bao et al., 2018). Differential 
PPW was obtained based on images captured by stereo cameras and the total plant height, 
generating three levels of the canopy: upper PPW (UPPW), corresponding to the top 1/3 of the 
canopy; middle PPW (MPPW), describing the middle 1/3 of the plant; and lower PW (LPPW), 
equivalent to the 1/3 lower level of the plant (Figure 1). These three descriptors were used as 
the phenotype for the association mapping analysis.  
The three bi-parental populations were grown in two environments, the Iowa State 
University Agricultural Engineering and Agronomy Research Farm, Boone, Iowa; and the 
Neely-Kinyon Memorial Research and Demonstration Farm, Greenfield, Iowa, with two 
replications within environment in a randomized complete block design (RCBD). Pop2 was 
evaluated in 2016, and Pop1 and 3 were grown in 2017. 
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Leaf angle was measured as the inclination between the midrib of the leaf blade and 
the stem using a barcoded paper protractor, a barcode scanner and a tablet. The pre-flag leaf 
(PFL), leaf 4 (L4), and leaf 5 (L5), counting from the flag leaf, were measured from three 
randomly-selected plants per plot at flowering time. These leaves are representative of the 
upper and middle canopy levels. The angle of lower leaves could not be accurately recorded 
because from the leaf 6, leaves began to separate from the stem and senesce. There were several 
practical reasons for measuring leaf angle at flowering time: i) no further changes in leaf angle 
would be expected; ii) all leaves were fully expanded; iii) provides a good reference for 
validation by other groups; iv) provides information about the upper canopy that is important 
for grain filling.  
Plant height was also recorded for Pop.1 and 3 as a control trait for QTL analysis. It 
was measured from two representative plants per plot as the longitude from the ground to the 
top of the panicle. 
Statistical Analysis 
The phenotypic data was analyzed using SAS 9.3 (SAS Institute, 2011) and R (R Core 
Team, 2013). A linear model was used to obtain the variance components and test the effect of 
location, replication within location, genotype, and genotype by location interaction using 
PROC MIX (SAS Institute, 2011).  
For both GWAS and QTL mapping, all response variables were analyzed using the 
same model:  
Yijk = μ + Li + R(i)j + Gk + LGik + ε(i)jk 
where Yijk is the response variable, μ is the overall mean, Li is the location effect, R(i)j 
is the replication nested within the location, Gk is the genotype (accession or RIL) effect, LGik 
is the effect of the interaction between the location and the genotype, and ε(i)jk is the residual. 
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By treating genotypes as random variables, best linear unbiased predictions (BULPs) 
were estimated and used as the phenotype of individuals. Pearson correlations among 
phenotypes were performed using the R package “ggpubr”. Entry mean-based heritability was 
calculated from variance components estimates as follows:   







where σ2G is the genotypic variance, σ
2
LG is the genotype by location interaction 
variance σ2ε is the error variance, l is the number of location, and r is the number of replications 
(Fehr, 1993). 
GWAS 
Genome-wide association analysis was performed using TASSEL 5.2.12 (Bradbury et 
al., 2007) and the Mixed Linear Model -MLM- (Yu et al., 2006) that accounts for population 
structure (Q, fixed effect) and kinship (K, random effect) to minimize spurious associations 
(Zhang et al., 2010). Q and K were calculated using STRUCTURE 2.2.3 (Pritchard et al., 2000) 
and SPAGeDi 1.4 (Hardey and Vekemans, 2002) respectively, as reported by Mantilla Perez 
et al. (2014).  
Markers with more than 40% missing calls and a minimum allele frequency lower than 
5% were discarded prior to analysis (Zhao et al., 2016). SNPs developed for a priori 
brassinosteroids (BRs), gibberellic acid, photosynthesis, and photo-protection candidate genes 
(Mantilla Perez et al., 2014; Zhao et al., 2016; Ortiz et al., 2017) were added to the public 
dataset (http://www.morrislab.org/data), for a total of 134,600 markers used for the GWAS. 
False discovery rate (FDR) was used to account for multiple comparisons using the R package 




Genetic Map Construction and QTL Analysis 
Genetic maps were created using ICIMapping (Meng et al., 2015) and the Kosambi 
map function with no more than 30% of missing data. Unique BINs containing non-redundant 
markers were obtained after grouping, ordering, and rippling. First, markers were grouped by 
anchor, assigning them to each chromosome based on their physical position. They were then 
ordered using the nnTwoOpt heuristic algorithm. Finally, rippling was completed using the 
sum of adjacent recombination frequencies (SARF) criteria, as proposed by Meng et al., 
(2015). The genetic map of Pop1 was constructed using 11,817 SNPs, while a set of 8,961 and 
10,389 markers were used for Pop2 and 3, respectively.  
The QTL analysis was performed using Composite Interval Mapping (CIM) in QTL 
Cartographer 2.5 (Wang et al., 2012), with a window size of 2cM, and a walk speed of 1cM. 
The tandem duplication of Dw3 was used as covariate in analysis of Pop3. The significant 
threshold was obtained by 1,000 permutations. 
 
Results 
Association Mapping of PPW at Different Levels of the Canopy 
Phenotypic analysis 
Descriptive statistics confirmed the large variability of PPW at the three different 
canopy levels, as well as the high repeatability of the trait in the SAP (Table 2A). Results from 
the analysis of variance (ANOVA) showed that genotype was a significant sources of variation 
(p-value < 0.05) for UPPW, MPPW, and LPPW (Supp. Table 1). Correlations between traits 
showed that UPPW is highly and positively correlated with MPPW, and the lowest correlation 





A q-value threshold of 0.05 was set for UPPW and MPPW, and 0.013 was set for 
LPPW. A total of 1,252 significant markers were associated with the three traits: 394 markers 
for UPPW, 572 markers for MPPW, and 286 markers for LPPW, accounting for 3.7% to 15.8% 
of the phenotypic variation (Table 4, and Supp. Table 2). Multiple common regions were 
associated with all traits, particularly on chromosomes 6, 7, 8, and 9 (Supp. Table 2). 
Interestingly, our analysis showed unique regions controlling different levels of the plant 
canopy, particularly on chromosomes 1, 2, 3, 4, 5, and 6 suggesting an independent control of 
PPW for each level of the canopy (Figure 2 and Supp. Table 2). For instance, in the upper 
canopy, markers on chromosomes 1, 2, 4, 5, and 6 were only significant at this canopy layer, 
while markers in other regions on chromosomes 1, 2, 3, and 4 were only detected in the middle 
canopy (Figure 2 and Supp. Table 2). 
QTL for Leaf Angle in Different Leaves of the Canopy 
Phenotypic analysis 
Descriptive statistics confirmed the occurrence of large phenotypic variability with 
respect to the three leaf angles for the three bi-parental populations, as well as the high 
heritability of the traits (Table 2B). For Pop1, the parental line SC603 exhibited smaller leaf 
angles than SC558, i.e. a 27.5°, 13.5°, and 12.5°reduction in PFL, L4, and L5, respectively. 
For Pop2, the angles of Tx430 were 9.96°, 5.35°, and 3.44° smaller for PFL, L4, and L5 than 
those of P898012.  BTx623, parental line of Pop3, presented more upright leaf angles than 
IS3620C that were 21.7°, 12.5°, and 17.8° smaller for the PFL, L4 and L5, respectively. The 
progenies of the three populations widely varied for the trait in all leaves and exhibited 
transgressive segregation (Table 2B). 
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Results from the ANOVA showed that genotype and genotype by location interaction 
were significant sources of leaf angle and plant height differences (p-value < 0.05), accounting 
for the majority of phenotypic variation in all populations (Supp. Table 3).  Plant height was 
used as a control trait in this study for Pop 1 and 3 and exhibited a high broad sense heritability 
of 0.98 and 0.97, respectively. 
Linkage mapping of leaf angle  
The genetic map of Pop1 consisted of 2,457 unique BINs for a total length of 1,351 cM 
with an average density of one marker every 0.55 cM. The genetic map of Pop2 included 1,964 
unique BINs with a total length of 1,681.6 cM, leading to an average density of one marker 
every 0.86 cM. For Pop3, the 10,389 segregating SNPs obtained by GBS and re-sequencing 
(Truong et al., 2015), generated 4,308 unique BINs with a total length of 1,367.3 cM and an 
average density of one marker every 0.32 cM (Supp. Table 4). 
Composite interval mapping (CIM) facilitated the discovery of both common and 
unique regions controlling angle of each leaf in the three populations (Supp. Figure 1 and Table 
5). The LOD thresholds varied among populations from 3.5 to 5.2 depending on the trait. A 
detailed analysis was performed for regions in which two or three intervals were identified to 
control specific leaves, particularly on chromosomes 3 and 4 for Pop1 and chromosome 7 for 
Pop2. After eliminating 57 lines with missing markers within the chromosome 3 region of 
Pop1, we confirmed the significance of two independent intervals (9.4 cM apart) controlling 
PFL (qP1.PFL-3) and L4 (qP1.L4-3), while the signal for L5 was not detected (Supp. Figure 
2). The two regions on chromosome 4 were also confirmed for PFL (qP1.PFL-4) and L5 
(qP1.L5-4) 6.3 cM apart in Pop1 after eliminating 81 lines with missing calls within the region 
of interest. The re-analysis of Pop2 after eliminating 15 lines with missing calls in the region 
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of chromosome 7 showed that QTL for PFL and L4 (qP2.PFL.L4-7) was still detected 10.1 
cM apart from the QTL for L5 (qP2.L5-7) (Supp. Figure 2). 
In Pop1, eight QTL were identified and the common QTL on chromosome 9 
(qP1.PFL.L4.L5-9) explained the highest percentage of variation for the angles of the three 
analyzed leaves. Unique QTL for PFL, L4, and L5 were identified on chromosomes 3, 4, and 
7, where the unique QTL qP1.L5-4 explained the second highest angle variation for L5 (Table 
5). In Pop2, seven QTL where detected and common QTL affected only the angle of the PFL 
and L4 on chromosomes 5, 7, and 9 (Table 5). One independent QTL was detected for L5 on 
chromosome 7 (qP2.L5-7), accounting for the 8.9% of the leaf angle variation in this leaf 
(Table 5; Supp. Figure 1). Finally, eight QTL were identified in Pop3, after the 882 tandem 
duplication of Dw3 on chromosome 7 was accounted in the model. An interesting QTL 
controlling the angle of the middle canopy on chromosome 7, qP3.L4.L5-7, was detected for 
L4 and L5. This QTL is approximately 20 Kbps downstream from the Dw3 gene and explains 
6.76% and 7.14% of the angle variation for L4 and L5, respectively (Table 5; Supp. Figure 1). 
Co-localization of QTL controlling PPW 
In order to confirm that PPW could be used to detect genomic regions controlling leaf 
angle, a comparative analysis of genomic regions from QTL and GWAS was performed. Most 
QTL co-localized with regions associated with PPW including regions on chromosomes 7, 8, 
and 9 that control the trait at every canopy level (Figure 2, Table 6). Moreover, regions 
specifically associated with certain canopy levels were consistently discovered using both 
approaches (Table 6) For example, unique QTL on chromosomes 4 (qP1.PFL-4), 5 
(qP2.PFL.L4-5), and 6 (qP3.PFL-6) that had been identified for PFL were also only identified 
in UPPW, both descriptors of the upper level of the canopy (Figure 2, Table F). Likewise, 
81 
 
unique QTL identified for L4 and/or L5 on chromosomes 1 (qP3.L4.L5-1), 3 (qP3.L5-3), and 
4 (qP2.L4-4) were also discovered only for MPPW (Figure 2, Table 6). 
Our results also demonstrated that PPW levels co-localized the QTL identified for each 
leaf in the canopy. For instance, 64% of the QTL identified for PFL co-localized with regions 
associated with UPPW, whereas only 47% - 44% of QTL for L4 and L5, were detected for the 
UPPW. Similarly, the majority (67%) of QTL for L4 and L5 co-localized with significant SNPs 
for MPPW, while only 45% were consistently discovered for different layers of the canopy 
(PFL vs MPPW). Finally, the co-localized QTL reduced the size of the intervals identified by 
GWAS (Table 6). 
 
Discussion 
The importance of leaf angle in yield enhancement and the current status in sorghum 
Leaf angle is a trait of historical importance for yield enhancement in cereal crops. A 
better arrangement of leaves across the canopy directly affects yield by: i) improving light 
interception and conversion efficiency that translates into higher yield per plant (Lambert and 
Johnson, 1978; Murchie et al., 1999a; Sinclair and Sheehy, 1999; Long et al., 2006; Zhu et al., 
2008; Parry et al., 2010; Murchie and Niyogi, 2011; Truong et al., 2015); and ii) increasing 
plant density for enhance yield per unit of land (Lambert and Johnson, 1978; Duvick et al., 
2004; Morinaka et al., 2006; Sakamoto et al., 2006; Tollenaar and Lee, 2006; Fischer and 
Edmeades, 2010).  
Current breeding efforts seeking high yielding sorghum lines have focused on reducing 
height and adjust flowering to temperate regions (Thurber et al., 2013), with no emphasis on 
improving leaf angle distribution. Based on this research, it is evident that in the upper half of 
a sorghum plant the leaf angle decreases from top to bottom of the canopy, in contrary to the 
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proposed ideotype (Table 2B). In all three populations, the pre-flag leaf exhibited a larger angle 
than leaves 4 and 5 in the middle canopy. These findings suggest that there is a need for 
improvement in the leaf angle distribution throughout the sorghum canopy to maximize light 
interception, photosynthetic capacity, and yield. One approach to alter the current pattern is to 
utilize quantitative genetics to identify genes/regions that independently control leaf angle at 
different levels of the canopy (Mantilla-Perez and Salas Fernandez, 2017). We have 
implemented that strategy and discovered QTL that could be exploited in breeding programs 
to realize the ideotype. 
PPW descriptor of leaf angle at different levels of the canopy 
Considering that manual phenotyping of leaf angle is time-consuming and costly to 
implement at large scale, the use HTP provides a fast and cost-effective solution to investigate 
canopy architecture traits. The use of novel descriptors derived from HTP images, such as 
PPW, can be used as a proxy for leaf angle throughout the canopy. Even though this descriptor 
might be affected by other biological parameters such as leaf length, number of tillers, and leaf 
senescence, the genomic regions associated with PPW were used to validate QTL discoveries 
from bi-parental populations and manual measurements of leaf angle. Through this validation, 
the value of PPW as a descriptor variable of leaf angle was confirmed.  
Genomic regions identified controlling simultaneously the three leaves in the canopy 
(PFL, L4, and L5) were co-localized with SNPs associated with PPW at different levels 
(UPPW, MPPW, and LPPW). Moreover, 64% of the QTL for PFL co-localized with those 
associated with UPPW, and 67% of QTL for L4 and L5 were on the same intervals associated 
with MPPW. In fact, the level of coincidence between QTL for PFL and associated regions for 
lower canopy levels decreased to 45% for MPPW and 37% for LPPW. These results 
demonstrate that PW is, in effect, a good descriptor of overall leaf angle and that sectional 
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PPW is a promising image-derived variable to perform selections for the proposed ideotype of 
leaf angle and canopy architecture that overcome the limitation of efficiency and costs of 
manual measurements.  
Identification of QTL controlling leaf angle at all canopy levels 
Intervals on chromosomes 6, 7, 8, and 9 were identified simultaneously controlling 
PPW at all levels of the canopy by GWAS. The region on chromosome 6 is the biggest 
identified region (up to 54 Mbps) for the three levels of PPW, but it was only detected for the 
PFL by the QTL approach. This big interval on chromosome 6 contains many historically-
important genes used in sorghum adaptation to temperate climates (Thurber et al., 2013), 
including two maturity genes, Ma1 (Sb06g014570) and Ma6 (Sb06g000570) that allow plants 
to overcome photoperiod sensitivity at higher latitudes (Murphy et al., 2011, 2014), and two 
plant height genes, Dw2 and Dw4, whose mutations have been selected for sorghum grain types 
(Klein et al., 2008; Morris et al., 2013; Hilley et al., 2017). It is possible to speculate that 
MPPW and LPPW are detecting the signal of other cofounded variables controlled by these 
maturity and height genes, e.g. maturity genes affect leaf senesce, which might results in 
changes in PPW at the medium and lower canopy. It is also possible that MPPW and LPPW 
are capturing the signal of other QTL that control other cofounding variables. For example, 
QTL for leaf width and leaf peak (distance between the leaf base and the leaf tip), have been 
identified within this big genomic region on chromosome 6 (Feltus et al., 2006; McCormick et 
al., 2016). In our QTL study the genomic region on chromosome 6 was only detected for PFL 
angle, being consistent with previous reports that detected this region associated with PFL 
angle (Zhao et al., 2016) but not with leaf angle in leaves of the middle canopy (Truong et al., 
2015; McCormick et al., 2016).  
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The genomic region on chromosome 8 controls PPW at different levels of the canopy, 
as well as PFL, L4, and L5 for Pop1 (qP1.PFL.L4.L5-8) (Table 6). This 1.25 Mbps region 
contains 99 annotated genes, many of them involved in cell growth, cell development, 
metabolic processes, and transcriptome modification. A 1.31 Mbps interval on chromosome 9 
associated with all PPW levels and PFL - L4 in Pop2 (qP2.PFL.L4-9), includes 161 annotated 
genes, containing Dw1 that regulates the brassinosteroid signaling pathway (Hirano et al., 
2017). Considering that BRs are plant hormones that control leaf angle in other cereal species 
(Yamamuro et al., 2000; Sakamoto et al., 2006; Tanaka et al., 2009; Gasperini et al., 2012; Kir 
et al., 2015), Dw1 gene could be a good candidate within this region. However, this interval 
was not detected as a QTL for leaf angle in Pop1 that segregates for Dw1, while its effect on 
plant height was confirmed (Supp. Figure 3). This suggests the existence of another nearby 
gene that is responsible for leaf angle variation across the canopy. 
Leaf angle at different canopy levels is controlled by independent genomic regions 
Even though the identification of QTL controlling leaf angle throughout the canopy 
can be utilized in sorghum improvement, they are not useful to alter the current leaf angle 
distribution across the canopy. We have discovered novel QTL controlling angles at specific 
canopy levels and we are presenting these results in detail, focusing on those regions that were 
validated by their consisted identification in independent populations. Given the large number 
of regions associated with PPW and leaf angle, we limited the search of candidate genes in 
those regions that exclusively control either the upper or middle canopy.  
Upper canopy 
For the upper canopy, two important QTL were identified on chromosomes 5 
(qP2.PFL.L4-5) and 6 (qP3.PFL-6). The QTL on chromosome 5 contains 42 annotated genes 
within its 1.2 Mbps interval, including interesting candidate genes with predicted functions as 
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regulators of developmental processes that have shown an effect on leaf angle in rice (Bian et 
al., 2012; Shankar et al., 2015). Two candidate genes (Sb05g021240 and Sb05g021320) code 
for a SER/THR PROTEIN PHOSPHATASE FAMILY protein, responsible for stress signals 
and developmental processes that affect leaf architecture traits, including leaf inclination in 
rice (Shankar et al., 2015). Moreover, the two loci Sb05g021030 and Sb05g021330 are 
predicted for F-BOX DOMAIN genes. Rice lines with a suppressed F-BOX DOMAIN gene, 
OsAFB2, exhibited increased inclination in the flag leaf at boot stage, but not in other leaves 
of the canopy (Bian et al., 2012) demonstrating the specificity of the gene affecting the upper 
layer of the canopy.  
The 0.11 Mbps QTL on chromosome 6 (qP3.PFL-6) includes only 11 annotated genes, 
meaning it is an interesting target for the differential manipulation of angle in the upper canopy. 
Three noteworthy candidate genes are predicted in this region. The locus Sb06g016780 
translates for a NICOTINATE PHOSPHORIBOSYLTRANSFERASE protein, whose down-
regulation leads to morphological changes in rice, including dwarf stature and reduced leaf 
elongation and angle (Wu et al., 2016). The locus Sb06g016870 is a candidate gene for a 
DEHYDRATION-RESPONSIVE ELEMENT-BINDING (DREB) protein responsible for 
enhancing drought and cold tolerance (Sakuma et al., 2002) but also reported to restrict leaf 
expansion and morphology in tomato (Li et al., 2012). Another interesting candidate gene is 
the locus Sb06g016770 that encodes a CELLULOSE SYNTHASE-LIKE (CSL) FAMILY 
protein. This family is responsible for the synthesis of cell wall polysaccharides such as mixed-
linkage glucan (MLG), and mutations in these proteins have been reported to affect cell 
elongation, generating plants with narrow leaves and extended leaf angle in rice, maize, and 
other grasses (Christensen et al., 2010; Hu et al., 2010; Wu et al., 2010; Hunter et al., 2012; 
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Liepman and Cavalier, 2012; Vega-Sanchez et al., 2012). The NARROW AND ROLLED LEAF 
1 (NRL1) gene encodes for a CELLULOSE SYNTHASE-LIKE PROTEIN D4 in rice, and nrl1 
mutants have a reduced leaf width and increased overall leaf angle, having the most significant 
changes in width and angle in the two upper leaves in the canopy (Hu et al., 2010; Wu et al., 
2010), being an interesting gene to target for differential manipulation of leaf angle in the upper 
canopy. 
Middle canopy 
Two unique regions on chromosomes 1 and 4 were detected for L4, L5, and MPPW. 
The QTL on chromosome 1 (qP3.L4.L5-1) consists of a 0.09 Mbps interval where three 
promising candidate genes are found. HEAT SHOCK PROTEIN DnaJ, Sb01g033440, is a 
molecular chaperon responsible for protein assembly, translocation, folding, and degradation 
in different cellular processes and under stress conditions (Park and Seo, 2015). In tomato, the 
CHLOROPLAST-TARGETED DnaJ (LeCDJ1) protein increases chlorophyll content, fresh 
weight, net photosynthetic rate, and reduces membrane damage by maintaining the 
photosystem II under cold stress conditions (Kong et al., 2014). Leaves of plants over-
expressing the DnaJ protein were less affected by chilling temperature (4°C) due to 
maintenance of green color and upright leaves, in contrary to wild type and mutated plants that 
exhibited chlorosis and droopy leaves (Kong et al., 2014). The locus Sb01g033460 translates 
for a CYCLIN protein, that in rice (CYC U4;1) controls abaxial sclerenchyma cell proliferation 
increasing leaf erectness by regulation of BR signaling genes (Sun et al., 2015). Finally, the 
locus Sb01g033490 is predicted to encode for a CYTOCHROME P450 protein, a super family 
involved in multiple metabolomics pathways, including BRs (Choe, 2006; Xu et al., 2015). 
Loss of function in proteins of the cytochrome P450 family that participate in the BR 
biosynthesis have reported plants with narrower and upright leaf angles in rice and maize 
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(Hong et al., 2003; Miyoshi et al., 2004; Sakamoto et al., 2006; Liu et al., 2007). Some genes 
within this family (OsDWARF/CYP85A1, D2/CYP90D2, BRS1/ZmDWF4, and OsDWARF4) 
have been suggested to be used for the genetic modification of leaf angle in cereals without 
affecting other yield-related traits such as fertility (Mantilla-Perez and Salas Fernandez, 2017). 
There are several annotated genes in the region of chromosome 4 that contains two 
QTL (qP1.L5-4 and qP2.L4-4) that could be good candidates as causal variation in leaf angle 
of the middle canopy. The loci Sb04g029710 is predicted to encode a PLANT 
HOMEODOMAIN FINGER (PHD) FAMILY PROTEIN that participates in chromatin-
mediated transcriptional regulation (Aasland et al., 1995). The rice LEAF INCLINATION 2 
(LI2) gene that contains this homeodomain finger (PHD), regulates leaf angle by modulating 
cell division in the collar (Zhao et al., 2010). In the qP2.L4-4 QTL interval, Sb04g034290 is 
predicted to translate for an APETALA 2 (AP2) domain-containing protein involved in 
developmental process. In maize, mutations in an AP2 transcription factor-like gene reduced 
angle in leaves below and above the ear, and affected other morphological traits such as plant 
height, leaf length, and leaf width (Jiang et al., 2012).  The locus Sb04g034390, translates for 
an AUXIN-RESPONSIVE SAUR protein, similar to the rice gene SAUR39 that is highly 
expressed in leaves of the lower canopy and whose over-expression results in more extended 
leaf angles and earlier leaf senesce (Kant et al., 2009). This QTL region also contains five 
consecutive candidate genes (loci Sb04g034070 to Sb04g034120) that encode for 
XYLOGLUCAN FUCOSYLTRANSFERASE proteins, involved in the biosynthesis of 
xyloglucan, a key component of the non-lignified cell wall (Perrin, 1999; Brennan and Harris, 
2011). Over-expression of xiloglucanase in poplars created droopy petioles and leaves due to 
relaxation of the cell walls, opposite to the wild type plants (Hayashi and Kaida, 2011). 
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Our results provide evidence of discovered regions controlling leaf angle at the upper 
and medium canopy, and those regions contain candidate genes that have been reported to 
affect leaf angle at certain levels of the plant in other species, providing support that differential 
leaf angle manipulation can be achieved in sorghum. 
Dissecting chromosome 7 into multiple QTL with overall canopy effects and for specific 
layers 
A leaf angle QTL has been consistently identified on chromosome 7 by multiple groups 
(Hart et al., 2001; Truong et al., 2015; McCormick et al., 2016; Zhao et al., 2016). With the 
development of high density markers, the first reported region of 4.56 Mbps (Hart et al., 2001) 
was reduced to 0.8 - 2.0 Mbps (Truong et al., 2015; Zhao et al., 2016). According to Truong 
et al. (2015), the plant height gene Dw3 is responsible for the leaf angle variation, and plants 
with the dysfunctional recessive genotype dw3/dw3 are shorter with smaller angles. While the 
same region was identified by Zhao et al. (2016), the causal mutation of dw3 was not 
significantly associated with PFL angle variation. Moreover, this QTL was also identified in a 
biomass population that was not segregating for Dw3 (Truong et al., 2015). All these studies 
support our conclusion that there is more than one causal gene of leaf angle variation within 
this region on chromosome 7. 
We have discovered three QTL on chromosome 7 controlling leaf angle of the entire 
canopy and at different layers. From our GWAS, a region of variable size (7.03, 8.04, and 4.97 
Mbps) was associated with upper, medium, and lower PPW, and confirmed by QTL 
(qP2.PFL.L4-7) for the upper and medium canopy. Dw3 is one of the 54 annotated genes and 
one of the most likely candidates for leaf angle control in the whole canopy. However, two 
other QTL downstream of Dw3 control only the middle canopy for Pop2, qP2.L5-7, and Pop3, 
qP3.L4.L5-7 (Figure 3 and Table 5) This provides strong evidence of the multiple nearby QTL 
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on chromosome 7, explaining the non-significant association of Dw3 in Zhao et al. (2016) and 
the identification of a QTL for the biomass population that was not segregating Dw3 in Truong 
et al. (2015). 
These QTL downstream Dw3 include several promising candidate genes, including 
plant hormones genes and transcription factors. For example, within the interval of the QTL 
qP2.L5-7, the candidate gene GIBBERELLIN 20 OXIDASE – GA20ox (Sb07g024030) is a 
strong candidate in this region due to the impact that the rice gene GA20ox-2 had in the green 
revolution due to its effects on plant height reduction and yield enhancement (Sasaki et al., 
2002; Oikawa et al., 2004). Rice mutants for GA-ox genes have a semi-dwarf stature with 
compact canopy (Oikawa et al., 2004; Shan et al., 2014). Moreover, GA interacts with BRs in 
the modulation of cell elongation and leaf angle (Shimada et al., 2006; Tong et al., 2014), and 
there is evidence that an excess of BRs induces the up-regulation of GA2ox-3, which in turn 
reduces both GA and BR biosynthesis (Tong et al., 2014). Another good candidate gene is the 
locus Sb07g023970, since it encodes for an AUXIN-INDUCED PROTEIN. There are several 
reports that prove the importance of auxins in leaf formation and development (Hay et al., 
2006; Barkoulas et al., 2008) and their effect on leaf angle in maize and rice due to auxin-
induced and auxin-mediated proteins and transcription factors (Fellner et al., 2006; Zhao et al., 
2013; Zhang et al., 2015). In the same QTL interval, there is a group of loci (Sb07g024510, 
Sb07g024550, and Sb07g024480) that are predicted to encode for CYS-2/HIS-2 (C2H2) ZINC 
FINGER PROTEIN. Several Arabidopsis and rice genes such as SGR5, PROG1, and LPA1, 
encode for C2H2 ZINC FINGER PROTEINS and have important functions in gravitropism, 
leaf orientation, and in the case of rice, tiller number, and both leaf and tiller angle (Morita et 
al., 2006; Jin et al., 2008; Wu et al., 2013).  
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The QTL interval of Pop3, qP3.L4.L5-7, consists of 0.14 Mbps and includes some 
candidate genes involved in different processes that affect leaf angle. For example, the locus 
Sb07g023740 is predicted to encode a membrane molecule-transportation, ABC 
TRANSPORTER, the same gene family of the previously discussed gene Dw3. The maize 
gene BRACHYTIC2 (BR2), an ABC TRANSPORTER protein, was also reported to affect leaf 
angle in maize (Pilu et al., 2007). On the other hand, the transcription factor AP2 DOMAIN 
CONTAINING PROTEIN (Sb07g023803) has been reported to affect leaf angle among other 
traits in other grass species (Jiang et al., 2012; Qiao et al., 2017). For instance, mutations in 
DIL1 gene, an AP2 transcription factor, generated morphological changes in maize plants 
including smaller leaf angles, wider and wrinkled leaves, and shorter internodes (Jiang et al., 
2012). In rice, mutants in the gene RLA1, an AP2 transcription factor required for the function 
of OsBZR1, have an erect leaf angle and semi-dwarf phenotype (Qiao et al., 2017).  
Our study has been able to dissect the region on chromosome 7 and identify novel 
regions that affect angle in the middle of the canopy. Fine mapping approaches together with 
other techniques such as CRISPR-Cas9 could be helpful in narrowing down these regions and 
elucidating the gene(s) controlling the leaf angle variation at this canopy layer and achieve the 
optimized canopy ideotype in sorghum. 
 
Conclusions 
A better distribution of leaf angle throughout the canopy is one of the strategies to improve 
the crop photosynthetic rate, mitigating the limitations of the carbon fixation process catalyzed 
by the enzyme Ribulose-1,5-Bisphosphate-Carboxylase / Oxygenase – RuBisCO (Ort et al., 
2015). A more erect leaf angle on the top of the plant that becomes more horizontal towards 
the bottom, increases crop productivity by a series of sequential effects, like a domino effect. 
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First, a better leaf angle distribution allows a more even sharing of the sunlight across the 
canopy, minimizing light saturation and photo-inhibition in the upper canopy while reducing 
the shade effect in the lower layer (Murchie et al., 1999b; Long et al., 2006; Kumagai et al., 
2009; Drewry et al., 2014); second, a uniform light distribution improves light interception 
efficiency in the leaves at different canopy levels (Long et al., 2006); third, a higher 
interception efficiency increases the photosynthetic rate of the whole plant; fourth, a higher 
carbon fixation results in higher grain and biomass yields per plant; and fifth, a better leaf angle 
distribution increases plant density, which increases yields per unit of land (Lambert and 
Johnson, 1978; Lee and Tollenaar, 2007; Mansfield and Mumm, 2014). 
This study aimed to perform a comprehensive characterization of leaf angle control in 
sorghum, shifting the research approach from a single leaf to the whole canopy. We utilized 
large populations and multiple environments, measuring the trait manually and with HTP 
technologies. Our findings demonstrate that: i) the current distribution of angle in sorghum 
plants goes in the opposite direction to the ideotype, meaning that leaves in the upper canopy 
have more extended leaf angles compared to leaves in the middle canopy; ii) PPW is an image-
derived variable obtained using a high-throughput phenotyping platform, that describes canopy 
architecture and can be used as a descriptor of leaf angle at different levels of canopy; iii) both 
approaches used in this study, GWAS and QTL mapping, identified regions controlling leaf 
angle throughout the canopy or exclusively for specific layers; iv) the intervals discovered by 
QTL mapping narrowed down the regions identified by GWAS, reducing the number of 
candidate genes from hundreds to tens, and; v) there is more than one gene controlling leaf 
angle on chromosome 7, one affecting angle of the overall canopy, while one or two only 
control the middle layers. A better leaf angle distribution throughout the canopy of cereals is, 
92 
 
with no doubts, one of the key strategies for increasing food, feed, fiber, and fuel production 




We thank Dr. Jianming Yu for generously providing seed and genotypic information 
of Pop2. We recognize Juan Panelo, Facundo Curin, Ezequiel Delfino, and Virginia Arruti for 
their contributions to collect phenotypic data. We acknowledge the funding support from R.F. 
Baker Center for Plant Breeding, and the Plant Science Institute, and the Iowa State University 
Office of the Vice President for Research. 
 
References 
Aasland R, Gibson TJ, Stewart AF. 1995. The PHD finger: implications for chromatin-
mediated transcriptional regulation Trends Biochem. Sci., 20, 56-59 
 
Bao Y, Tang L, Breitzman, MW, Salas Fernandez MG, Schnable, PS. 2018. Field-based 
robotics phenotyping of sorghum plant architecture using stereo vision. Journal of Field 
Robotics (submitted). 
 
Barkoulas M, Hay A, Kougioumoutzi E, Tsiantis M. 2008. A developmental framework for 
dissected leaf formation in the Arabidopsis relative Cardamine hirsuta. Nature genetics 40, 
1136–41. 
 
Barrero Farfan ID, Bergsma BR, Johal G, Tuinstra MR. 2012. A stable dw3 allele in sorghum 
and a molecular marker to facilitate selection. Crop Science 52, 2063–2069. 
 
Bauer P, Lubkowitz M, Tyers R, Nemoto K, Meeley RB, Goff SA, Freeling M. 2004. 
Regulation and a conserved intron sequence of liguleless3/4 knox class-I homeobox genes in 
grasses. Planta 219, 359–368. 
 
Bian H, Xie Y, Guo F, Han N, Ma S, Zeng Z, Wang J, Yang Y, Zhu M. 2012. Distinctive 
expression patterns and roles of the miRNA393 ⁄ TIR1 homolog module in regulating flag leaf 





Bradbury PJ, Zhang Z, Kroon DE, Casstevens TM, Ramdoss Y, Buckler ES. 2007. TASSEL: 
Software for association mapping of complex traits in diverse samples. Bioinformatics 23, 
2633–2635. 
 
Brennan M, Harris PJ. 2011. Distribution of fucosylated xyloglucans among the walls of 
different cell types in monocotyledons determined by immunofluorescence microscopy. 
Molecular Plant 4, 144–156. 
Brown PJ, Rooney WL, Franks C, Kresovich S. 2008. Efficient mapping of plant height 
quantitative trait loci in a sorghum association population with introgressed dwarfing genes. 
Genetics 180, 629–637. 
 
Cai J, Zhang M, Guo LB, Li XM, Bao JS, Ma LY. 2015. QTLs for rice flag leaf traits in 
doubled haploid populations in different environments. Genetics and Molecular Research 14, 
6786–6795. 
 
Casa AM, Pressoir G, Brown PJ, Mitchell SE, Rooney WL, Tuinstra MR, Franks CD, 
Kresovich S. 2008. Community resources and strategies for association mapping in Sorghum. 
Crop Science 48, 30–40. 
 
Chen X, Xu D, Liu Z, Yu T, Mei X, Cai Y. 2015. Identification of QTL for leaf angle and leaf 
space above ear position across different environments and generations in maize (Zea mays 
L.). Euphytica, 395–405. 
 
Choe S. 2006. Brassinosteroid biosynthesis and inactivation. Physiol. Plant 2006, 539. 
Christensen U, Alonso-simon A, Scheller H V, Willats WGT, Harholt J. 2010. Phytochemistry 
Characterization of the primary cell walls of seedlings of Brachypodium distachyon – A 
potential model plant for temperate grasses. Phytochemistry 71, 62–69. 
 
Ding J, Zhang L, Chen J, Li X, Li Y. 2015. Genomic Dissection of Leaf Angle in Maize ( Zea 
mays L .) Using a Four-Way Cross Mapping Population. PLoS ONE, 1–13. 
 
Dong H, Zhao H, Xie W, et al. 2016. A Novel Tiller Angle Gene, TAC3, together with TAC1 
and D2 Largely Determine the Natural Variation of Tiller Angle in Rice Cultivars. PLoS 
Genetics 12, 1–21. 
 
Doyle JJ. 1987. A rapid DNA isolation procedure for small quantities of fresh leaf tissue. 
Phytochem Bull 19:11–15. 
 
Drewry DT, Kumar P, Long SP. 2014. Simultaneous improvement in productivity, water use, 
and albedo through crop structural modification. Global Change Biology 20, 1955–1967. 
 





Duvick DN, Smith JSC, Cooper M. 2004. Long-term Selection in a Commercial Hybrid Corn 
Breeding Program: Past, Present, and Future. Plant Breeding Reviews. Long Term Selection: 
Crops, Animals, and Bacteria, 109–151. 
 
Elshire RJ, Glaubitz JC, Sun Q, Poland JA, Kawamoto K, Buckler ES, Mitchell SE. 2011. A 
robust, simple genotyping-by-sequencing (GBS) approach for high diversity species. PLoS 
ONE 6, 1–10. 
 
Fellner M, David Ford E, Van Volkenburgh E. 2006. Development of erect leaves in a modern 
maize hybrid is associated with reduced responsiveness to auxin and light of young seedlings 
in vitro. Plant Signaling and Behavior 1, 201–211. 
 
Feltus FA, Hart GE, Schertz KF, Casa AM, Kresovich S, Abraham S, Klein PE, Brown PJ, 
Paterson AH. 2006. Alignment of genetic maps and QTLs between inter- and intra-specific 
sorghum populations. Theoretical and Applied Genetics 112, 1295–1305. 
 
Fischer RAT, Edmeades GO. 2010. Breeding and Cereal Yield Progress. Crop Science 50, 85–
98. 
 
Gasperini D, Greeland A, Hedden P, Dreos R, Hardwood W, Griffiths S. 2012. Genetic and 
physiological analysis of Rht8 in bread wheat: an alternative source of semi-dwarfism wih a 
reduced sensitivity to brassinosteroids. Journal of Experimental Botany 63, 695–709. 
 
Hardey OJ, Vekemans X. 2002. SPAGeDI: a versatile computer program to analyse spatial 
genetic structure at the individual of population levels. Molecular Ecology Notes 2, 618–620. 
 
Hart GE, Schertz KF, Peng Y, Syed NH. 2001. Genetic mapping of Sorghum bicolor (L.) 
Moench QTLs that control variation in tillering and other morphological characters. 
Theoretical and Applied Genetics 103, 1232–1242. 
 
Hay A, Barkoulas M, Tsiantis M. 2006. ASYMMETRIC LEAVES1 and auxin activities 
converge to repress BREVIPEDICELLUS expression and promote leaf development in 
Arabidopsis. Development (Cambridge, England) 133, 3955–3961. 
 
Hayashi T, Kaida R. 2011. Functions of xyloglucan in plant cells. Molecular Plant 4, 17–24. 
 
Hilley JL, Weers BD, Truong SK, McCormick RF, Mattison AJ, McKinley BA, Morishige 
DT, Mullet JE. 2017. Sorghum Dw2 Encodes a Protein Kinase Regulator of Stem Internode 
Length. Scientific Reports 7, 1–14. 
 
Hirano K, Kawamura M, Araki-nakamura S, Fujimoto H, Ohmae- K. 2017. Sorghum DW1 
positively regulates brassinosteroid signaling by inhibiting the nuclear localization of 
BRASSINOSTEROID INSENSITIVE 2. Scientific Reports 7, 1–10. 
 
Hong Z, Ueguchi-Tanaka M, Umemura K, Uozu S, Fujioka S, Takatsuto S, Yoshida S, 
Ashikari M, Kitano H, Matsuoka M. 2003. A rice brassinosteroid-deficient mutant, ebisu dwarf 
95 
 
(d2) is caused by a loss of function of a new member of cytochrome P450. The Plant Cell 15, 
2900–2910. 
 
Hu W, Zhang H, Jiang J, Wang Y, Sun D, Wang X, Liang K, Hong D. 2012. Genetic Analysis 
and QTL Mapping of Large Flag Leaf Angle Trait in Japonica Rice. Rice Science 19, 277–
285. 
 
Hu J, Zhu L, Zeng D, et al. 2010. Identification and characterization of NARROW AND 
ROLLED LEAF 1, a novel gene regulating leaf morphology and plant architecture in rice. 
Plant Molecular Biology 73, 283–292. 
 
Hunter CT, Kirienko DH, Sylvester AW, Peter GF, McCarty DR, Koch KE. 2012. Cellulose 
Synthase-Like D1 Is Integral to Normal Cell Division, Expansion, and Leaf Development in 
Maize. Plant Physiology 158, 708–724. 
 
Jiang F, Guo M, Yang F, Duncan K, Jackson D, Rafalski A, Wang S, Li B. 2012. Mutations 
in an AP2 transcription factor-like gene affect internode length and leaf shape in maize. PLoS 
ONE 7. 
 
Jin J, Huang W, Gao J-P, Yang J, Shi M, Zhu M-Z, Luo D, Lin H-X. 2008. Genetic control of 
rice plant architecture under domestication. Nature Genetics 40, 1365–1369. 
 
Kant S, Bi Y-M, Zhu T, Rothstein SJ. 2009. SAUR39, a Small Auxin-Up RNA Gene, Acts as 
a Negative Regulator of Auxin Synthesis and Transport in Rice. Plant Physiology 151, 691–
701. 
 
Kir G, Ye H, Nelissen H, Neelakandan AK, Kusnandar AS, Luo A, Inzé D, Sylvester AW, Yin 
Y, Becraft PW. 2015. RNA Interference Knockdown of BRASSINOSTEROID 
INSENSITIVE1 in Maize Reveals Novel Functions for Brassinosteroid Signaling in 
Controlling Plant Architecture. Plant Physiology 169, 826–839. 
 
Klein RR, Mullet JE, Jordan DR, Miller FR, Rooney WL, Menz MA, Franks CD, Klein PE. 
2008. The effect of tropical sorghum conversion and inbred development on genome diversity 
as revealed by high-resolution genotyping. Crop Science 48. 
 
Knöller AS, Blakeslee JJ, Richards EL, Peer WA, Murphy AS. 2010. Brachytic2/ZmABCB1 
functions in IAA export from intercalary meristems. Journal of Experimental Botany 61, 3689–
3696. 
 
Kong F, Deng Y, Zhou B, Wang G, Wang Y, Meng Q. 2014. A chloroplast-targeted DnaJ 
protein contributes to maintenance of photosystem II under chilling stress. Journal of 
Experimental Botany 65, 143–158. 
 
Ku L, Wei X, Zhang S, Zhang J, Guo S, Chen Y. 2011. Cloning and Characterization of a 





Ku LX, Zhao WM, Zhang J, Wu LC, Wang CL, Wang PA, Zhang WQ, Chen YH. 2010. 
Quantitative trait loci mapping of leaf angle and leaf orientation value in maize (Zea mays L.). 
Theoretical and Applied Genetics 121, 951–959. 
 
Kumagai E, Araki T, Ueno O. 2009. Effect of nitrogen deficiency on midday photoinhibition 
in flag leaves of different rice (Oryza sativa L) cultivars. Photosynthetica 47, 241–246. 
 
Lambert R, Johnson R. 1978. Leaf angle, tassel morphology, and the performance of maize 
hybrids. Crop Science 18, 499–502. 
 
Lee EA, Tollenaar M. 2007. Physiological basis of successful breeding strategies for maize 
grain yield. Crops Science, S–202–S215. 
 
Li X, Li X, Fridman E, Tesso TT, Yu J. 2015a. Dissecting repulsion linkage in the dwarfing 
gene Dw3 region for sorghum plant height provides insights into heterosis. Proceedings of the 
National Academy of Sciences 112, 11823–11828. 
 
Li C, Li Y, Shi Y, Song Y, Zhang D, Buckler ES, Zhang Z, Wang T, Li Y. 2015b. Genetic 
control of the leaf angle and leaf orientation value as revealed by ultra-high density maps in 
three connected maize populations. PLoS ONE 10, 1–13. 
 
Li Z, Paterson AH, Pinson SRM, Stansel JW. 1999. RFLP facilitated analysis of tiller and leaf 
angles in rice (Oryza sativa L.). Euphytica 109, 79–84. 
 
Li J, Sima W, Wang T, et al. 2012. Tomato SIDREB gene restricts leaf expansion and internode 
elongation by downregulating key genes for gibberellin buosynthesis. Journal of Experimental 
Botany 63, 6407–6420. 
 
Liepman AH, Cavalier DM. 2012. The CELLULOSE SYNTHASE-LIKE A and 
CELLULOSE SYNTHASE-LIKE C families : recent advances and future perspectives. 
Frontiers in Plant Science 3, 1–7. 
 
Liu T, Zhang J, Wang M, Wang Z, Li G, Qu L, Wang G. 2007. Expression and functional 
analysis of ZmDWF4, an ortholog of Arabidopsis DWF4 from maize (Zea mays L.). Plant Cell 
Reports 26, 2091–2099. 
 
Long SP, Zhu X, Naidu SL, Ort DR. 2006. Can improvement in photosynthesis increase crop 
yields ? Plant, Cell and Environment, 315–330. 
 
Lu M, Zhou F, Xie C, Li M, Xu Y, Warburton M, Zhang S. 2007. Construction of a SSR 
linkage map and mapping of quantitative trait loci (QTL) for leaf angle and leaf orientation 
with an elite maize hybrid. Hereditas 29, 1131–1138. 
 
Makarevitch I, Thompson A, Muehlbauer GJ, Springer NM. 2012. Brd1 Gene in Maize 
Encodes a Brassinosteroid C-6 Oxidase. PLoS ONE 7, e30798. 
97 
 
Mansfield BD, Mumm RH. 2014. Survey of plant density tolerance in U.S. maize germplasm. 
Crop Science 54, 157–173. 
 
Mantilla Perez MB, Zhao J, Yin Y, Hu J, Salas Fernandez MG. 2014. Association mapping of 
brassinosteroid candidate genes and plant architecture in a diverse panel of Sorghum bicolor. 
Theoretical and Applied Genetics 127, 2645–2662. 
 
Mantilla-Perez MB, Salas Fernandez MG. 2017. Differential manipulation of leaf angle 
throughout the canopy: Current status and prospects. Journal of Experimental Botany 68. 
 
McCormick RF, Truong SK, Mullet JE. 2016. 3D Sorghum Reconstructions from Depth 
Images Identify QTL Regulating Shoot Architecture. Plant Physiology  172 , 823–834. 
 
Meng L, Li H, Zhang L, Wang J. 2015. QTL IciMapping : Integrated software for genetic 
linkage map construction and quantitative trait locus mapping in biparental populations. The 
Crop Journal 3, 269–283. 
 
Mickelson SM, Stuber CS, Senior L, Kaeppler SM. 2002. Quantitative trait loci controlling 
leaf and tassel traits in a B73 X MO17 population of maize. Crop Science 42, 1902–1909. 
 
Miyoshi K, Ahn B-O, Kawakatsu T, Ito Y, Itoh J-I, Nagato Y, Kurata N. 2004. 
PLASTOCHRON1, a timekeeper of leaf initiation in rice, encodes cytochrome P450. 
Proceedings of the National Academy of Sciences of the United States of America 101, 875–
80. 
 
Moreno MA, Harper LC, Krueger RW, Dellaporta SL, Freeling M. 1997. Liguleless1 Encodes 
a Nuclear-Localized Protein Required for Induction of Ligules and Auricles During Maize 
Leaf Organogenesis. Genes and Development 11, 616–628. 
 
Morinaka Y, Sakamoto T, Inukai Y, Agetsuma M, Kitano H. 2006. Morphological Alteration 
Caused by Brassinosteroid Insensitivity Increases the Biomass and Grain Production of Rice. 
Plant Physiology 141, 924–931. 
 
Morita MT, Sakaguchi K, Kiyose SI, Taira K, Kato T, Nakamura M, Tasaka M. 2006. A C2H2-
type zinc finger protein, SGR5, is involved in early events of gravitropism in Arabidopsis 
inflorescence stems. Plant Journal 47, 619–628. 
 
Morris GP, Ramu P, Deshpande SP, et al. 2013. Population genomic and genome-wide 
association studies of agroclimatic traits in sorghum. Proceedings of the National Academy of 
Sciences 110, 453–458. 
 
Multani DS, Briggs SP, Chamberlin MA, Blakeslee JJ, Murphy AS, Johal GS. 2003. Loss of 





Murchie EH, Chen Y, Hubbart S, Peng S, Horton P. 1999a. Interactions between Senescence 
and Leaf Orientation Determine in Situ Patterns of Photosynthesis and Photoinhibition in 
Field-Grown Rice. Plant Physiology 119, 553–564. 
 
Murchie EH, Chen Y, Hubbart S, Peng S, Horton P. 1999b. Interactions between Senescence 
and Leaf Orientation Determine in Situ Patterns of Photosynthesis and Photoinhibition in 
Field-Grown Rice. PLANT PHYSIOLOGY 119, 553–564. 
 
Murchie EH, Niyogi KK. 2011. Manipulation of photoprotection to improve plant 
photosynthesis. Plant physiology 155, 86–92. 
 
Murphy RL, Klein RR, Morishige DT, Brady JA, Rooney WL, Miller FR, Dugas D V., Klein 
PE, Mullet JE. 2011. Coincident light and clock regulation of pseudoresponse regulator protein 
37 (PRR37) controls photoperiodic flowering in sorghum. Proceedings of the National 
Academy of Sciences 108, 16469–16474. 
 
Murphy RL, Morishige DT, Brady J a., Rooney WL, Yang S, Klein PE, Mullet JE. 2014. Ghd7 
(Ma6) Represses Sorghum Flowering in Long Days: Alleles Enhance Biomass Accumulation 
and Grain Production. The Plant Genome 7, 1–10. 
 
Oikawa T, Koshioka M, Kojima K, Yoshida H, Kawata M. 2004. A role of OsGA20ox1, 
encoding an isoform of gibberellin 20-oxidase, for regulation of plant stature in rice. Plant 
Molecular Biology 55, 687–700. 
 
Ort DR, Merchant SS, Alric J, Barkan A, Blankenship RE, Bock R. 2015. Redesigning 
photosynthesis to sustainably meet global food and bioenergy demand. Proceedings of the 
National Academy of Sciences 112, 8529–8536. 
 
Ortiz D, Hu J, Salas Fernandez MG. 2017. Genetic architecture of photosynthesis in Sorghum 
bicolor under non-stress and cold stress conditions. Journal of experimental botany 68, 4545–
4557. 
 
Park C-J, Seo Y-S. 2015. Heat Shock Proteins: A Review of the Molecular Chaperones for 
Plant Immunity. The Plant Pathology Journal 31, 323–333. 
 
Parry MAJ, Reynolds M, Salvucci ME, Raines C, Andralojc PJ, Zhu X, Price GD, Condon 
AG, Furbank RT. 2010. Raising yield potential of wheat . II . Increasing photosynthetic 
capacity and efficiency. Journal of Experimental Botany, 1–15. 
 
Pendleton J, Smith G, Winter S, Johnston T. 1968. Field investigations of leaf angle in corn 
(Zea mays L) to grain yield and apparent photosynthesis. Agronomy Journal 60, 422–&. 
 
Perrin RM. 1999. Xyloglucan Fucosyltransferase, an Enzyme Involved in Plant Cell Wall 




Pilu R, Cassani E, Villa D, Curiale S, Panzeri D, Badone FC, Landoni M. 2007. Isolation and 
characterization of a new mutant allele of brachytic 2 maize gene. Molecular Breeding 20, 83–
91. 
 
Pritchard JK, Stephens M, Rosenberg NA, Donnelly P. 2000. Association Mapping in 
Structured Populations. The American Journal of Human Genetics 67, 170–181. 
 
Qiao S, Sun S, Wang L, et al. 2017. The RLA1/SMOS1 Transcription Factor Functions with 
OsBZR1 to Regulate Brassinosteroid Signaling and Rice Architecture. The Plant Cell 29, 292–
309. 
 
R Core Team. 2013. R: a language and environment for statistical computing. R Foundation 
for Statistical Computing, Vienna, Austria. ISBN 3-900051-07-0. 
 
SAS Institute. 2011. The SAS system for windows. Release 9.2. SAS Inst, Cary, NC 
 
Sakamoto T, Morinaka Y, Ohnishi T, et al. 2006. Erect leaves caused by brassinosteroid 
deficiency increase biomass production and grain yield in rice. Nature biotechnology 24, 105–
109. 
 
Sakuma Y, Liu Q, Dubouzet JG, Abe H, Yamaguchi-Shinozaki K, Shinozaki K. 2002. DNA-
binding specificity of the ERF/AP2 domain of Arabidopsis DREBs, transcription factors 
involved in dehydration- and cold-inducible gene expression. Biochemical and Biophysical 
Research Communications 290, 998–1009. 
 
Salas Fernandez MG, Bao Y, Tang L, Schnable PS. 2017. A High-Throughput, Field-Based 
Phenotyping Technology for Tall Biomass Crops. Plant Physiology 174, 2008–2022. 
 
Sasaki A, Ashikari M, Ueguchi-Tanaka M, et al. 2002. Green revolution: A mutant gibberellin-
synthesis gene in rice. Nature 416, 701–702. 
 
Shan C, Mei Z, Duan J, Chen H, Feng H, Cai W. 2014. OsGA2ox5, a gibberellin metabolism 
enzyme, is involved in plant growth, the root gravity response and salt stress. PLoS ONE 9, 1–
10. 
 
Shankar A, Agrawal N, Sharma M, Pandey A, K. Pandey G. 2015. Role of Protein Tyrosine 
Phosphatases in Plants. Current Genomics 16, 224–236. 
 
Shimada A, Ueguchi-Tanaka M, Sakamoto T, Fujioka S, Takatsuto S, Yoshida S, Sazuka T, 
Ashikari M, Matsuoka M. 2006. The rice SPINDLY gene functions as a negative regulator of 
gibberellin signaling by controlling the suppressive function of the DELLA protein, SLR1, and 
modulating brassinosteroid synthesis. Plant Journal 48, 390–402. 
 




Storey JD. 2002. A direct approach to false discovery rates. Journal of the Royal Statistical 
Society Series B-Statistical Methodology 64, 479–498. 
 
Sun S, Chen D, Li X, Li C, Shen H, Wang X. 2015. Brassinosteroid Signaling Regulates Leaf 
Erectness in Oryza sativa via the Control of a Specific U-Type Cyclin and Cell Proliferation. 
Developmental Cell 34, 220–228. 
 
Tanaka A, Nakagawa H, Tomita C, et al. 2009. BRASSINOSTEROID UPREGULATED1, 
encoding a helix-loop-helix protein, is a novel gene involved in brassinosteroid signaling and 
controls bending of the lamina joint in rice. Plant physiology 151, 669–680. 
 
Thurber CS, Ma JM, Higgins RH, Brown PJ. 2013. Retrospective genomic analysis of sorghum 
adaptation to temperate-zone grain production. Genome Biology 14, R68. 
 
Tian F, Bradbury PJ, Brown PJ, et al. 2011. Genome-wide association study of leaf architecture 
in the maize nested association mapping population\r. Nature Genetics 43, 159–164. 
 
Tollenaar M, Lee EA. 2006. Dissection of physiological processes underlying grain yield in 
maize by examining genetic improvement and heterosis. Maydica 51, 399–408. 
 
Tong H, Xiao Y, Liu D, Gao S, Liu L, Yin Y, Jin Y, Qian Q, Chu C. 2014. Brassinosteroid 
Regulates Cell Elongation by Modulating Gibberellin Metabolism in Rice. The Plant cell 26, 
1–19. 
 
Truong SK, McCormick RF, Rooney WL, Mullet JE. 2015. Harnessing genetic variation in 
leaf angle to increase productivity of sorghum bicolor. Genetics 201, 1229–1238. 
 
Turner SD. 2014. qqman: an R package for visualizing GWAS results using Q-Q and 
manhattan plots. Applications Note, 1–2. 
 
Vega-Sanchez ME, Verhertbruggen Y, Christensen U, et al. 2012. Loss of Cellulose Synthase 
- Like F6 Function Affects Mixed-Linkage Glucan Deposition , Cell Wall Mechanical 
Properties , and Defense Responses in Vegetative Tissues of Rice. Plant Physiology 159, 56–
69. 
 
Wang L, Wang A, Huang X, Zhao Q, Dong G, Qian Q, Sang T, Han B. 2011. Mapping 49 
quantitative trait loci at high resolution through sequencing-based genotyping of rice 
recombinant inbred lines. Theoretical and Applied Genetics 122, 327–340. 
 
Wang, S C, Basten J, Zeng ZB. 2012, Windows QTL Cartographer 2.5. Department of 
Statistics, North Carolina State University, Raleigh, NC. 
 
Wu C, Fu Y, Hu G, Si H, Cheng S, Liu W. 2010. Isolation and characterization of a rice mutant 




Wu L, Ren D, Hu S, Li G, Dong G, Jiang L, Hu X, Ye W. 2016. Down-Regulation of a 
Nicotinate Phosphoribosyltransferase gene, OsNaPRT1, leads to Withered Leaf Tips. Plant 
Physiology 171, 1085–1098. 
 
Wu X, Tang D, Li M, Wang K, Cheng Z. 2013. Loose Plant Architecture1, an 
INDETERMINATE DOMAIN protein involved in shoot gravitropism, regulates plant 
architecture in rice. Plant physiology 161, 317–29. 
 
Xu J, Wang XY, Guo WZ. 2015. The cytochrome P450 superfamily: Key players in plant 
development and defense. Journal of Integrative Agriculture 14, 1673–1686. 
 
Yamamuro C, Ihara Y, Wu X, Noguchi T, Fujioka S, Takatsuto S, Ashikari M, Kitano H, 
Matsuoka M. 2000. Loss of Function of a Rice brassinosteroid insensitive1 Homolog Prevents 
Internode Elongation and Bending of the Lamina Joint. the Plant Cell Online 12, 1591–1606. 
 
Yu B, Lin Z, Li H, et al. 2007. TAC1, a major quantitative trait locus controlling tiller angle 
in rice. Plant Journal 52, 891–898. 
 
Yu J, Pressoir G, Briggs WH, et al. 2006. A unified mixed-model method for association 
mapping that accounts for multiple levels of relatedness. Nature Genetics 38, 203–208. 
 
Zhang Z, Ersoz E, Lai CQ, et al. 2010. Mixed linear model approach adapted for genome-wide 
association studies. Nature Genetics 42, 355–360. 
 
Zhang J, Ku LX, Han ZP, Guo SL, Liu HJ, Zhang ZZ, Cao LR, Cui XJ, Chen YH. 2014. The 
ZmCLA4 gene in the qLA4-1 QTL controls leaf angle in maize (Zea mays L.). Journal of 
Experimental Botany 65, 5063–5076. 
 
Zhang S, Wang S, Xu Y, Yu C, Shen C, Qian Q, Geisler M, Jiang DA. 2015. The auxin 
response factor , OsARF19 , controls rice leaf angles through positively regulating OsGH3-5 
and OsBRI1. Plant, Cell and Environment 38, 638–654. 
 
Zhao S-Q, Hu J, Guo L-B, Qian Q, Xue H-W. 2010. Rice leaf inclination2, a VIN3-like protein, 
regulates leaf angle through modulating cell division of the collar. Cell Research 20, 935–47. 
 
Zhao J, Mantilla Perez MB, Hu J, Salas Fernandez MG. 2016. Genome-Wide Association 
Study for Nine Plant Architecture Traits in Sorghum. The Plant Genome 9, 1 to 14. 
 
Zhao SQ, Xiang JJ, Xue HW. 2013. Studies on the rice leaf inclination1 (LC1), an IAA-amido 
synthetase, reveal the effects of auxin in leaf inclination control. Molecular Plant 6, 174–187. 
 
Zhu XG, Long SP, Ort DR. 2008. What is the maximum efficiency with which photosynthesis 






Figure 1. 3D reconstruction of a sorghum plot and identification of differential PPW. Axes: x, height; y, 
length; and z, width. PPW was dissected into three parts of the plant based on total plant hieght. Differential 
colors: in yellow, plant surface of the 1/3 upper plot-based plant width (UPPW); in orange, plant surface of the 
1/3 middle plot-based plant width (MPPW); in red, plant surface of the 1/3 lower plot-based plant width 



















Figure 2. Co-localization of QTL in significant regions of PPW at different canopy levels. In blue box, QTL of Pop1; in pink box, QTL identified in Pop2; in 
orange box, QTL identified in Pop3; in grey box, QTL identified in more than 1 population. Upper plot-based plant width (UPPW); middle plot-based plant 








Figure 3. Dissection of QTL controlling leaf angle variation on chromosome 7. Comparative analysis QTL associated with leaf angle. Dw3 gene is 
represented by the red star based on its position in the Sb1 genome. q-P2.PFL.L4-7 controls the whole canopy leaf angle and qP3.L4.L5-7 and qP2.L5-7 control 





Table 1. Summary of bi-parental populations 
Population ID Reference Parents 
Dw3 
genotype 






PI533936 dw3 dw3 A T G G C A G 26 
(Pop1) PI533938 dw3 dw3 C T G T G A G 54 
Population 2 Li et al., 
2015 
Tx430 dw3 dw3 C T G G C A G 38 
(Pop2) P898012 Dw3 Dw3 N N N N G N T 48 
Population 3 Hart et al., 
2001 
BTx623 dw3 dw3 A T G G C A G 27 
(Pop3) IS3620C Dw3 Dw3 A G T T G A T 48 
Haplotypes on chromosome 7 refer to markers within the significant region identified by Zhao et al., 2016. 
Markers in blue correspond to favorable alleles that reduce leaf angle; markers in red indicate unfavorable 
alleles. Markers of the haplotype are in ascending order and correspond to the Sb1.0 physical position. The 
makers are: S7_58,181,673; S7_58,293,966; S7_58,294,001; S7_58,300,319; S7_58,302,051; S7_58,576,095; 
S7_59,818,811. 
 
Table 2A. Descriptive statistics of PPW 
 Plot-based Plant Width (cm) 
Trait UPPW MPPW LPPW 
Maximum 610.0 630.6 562.2 
Minimum 255.2 378.9 216.1 
Median 400.1 492.4 336.3 
Mean 405.1 496.8 350.8 
SD 61.4 44.7 73.1 
Repeatability 0.81 0.77 0.85 
 
Table2B. Descriptive statistics of the three leaf angle measurements in the tested populations 
  Leaf Angle in Degrees (°) 
  Population 1 Population 2 Population 3 
Trait PFL L4 L5 PFL L4 L5 PFL L4 L5 
Maximum 70.1 44.6 36.7 75.5 51.6 41.1 74.5 54.5 55.7 
Minimum 23.9 14.5 12.5 26.6 22.1 18.2 22.8 16.6 13.3 
Median 42.7 25.7 22 43.3 32.1 27.8 44.7 34.4 31.5 
Mean 42.9 26.1 22.3 44.6 32.3 28.1 44.6 34.4 32.3 
SD 9.7 5.4 4.8 8.8 5.0 4.3 11 7.4 7.5 
Parent 1 26.4 19.3 15.4 37.8 30.2 27.3 26.8 21 18.6 
Parent 2 53.9 32.8 27.9 47.7 35.6 30.8 48.5 33.5 36.4 
Heritability 0.88 0.87 0.88 0.84 0.82 0.80 0.90 0.88 0.90 
Data obtained from BLUPs. PFL, pre-flag leaf; L4, leaf 4; L5, leaf 5; SD, standard deviation. For Pop1: 
Parent1, PI533936 (SC603); Parent2, PI533938 (SC558). For Pop2: Parent1, Tx430; Parent2, P808912. For 




Table 3A. Pearson correlation of PPW at different levels of the canopy 




 - 0.50*** 
LPPW 
  - 
 * p < 0.01 
*** p < 0.001 




Table 3B. Pearson correlation of leaf angle for each analyzed population. 
  Population 1 Population 2 Population 3 
  PFL L4 L5 PFL L4 L5 PFL L4 L5 
PFL - 0.87*** 0.78*** - 0.86*** 0.69*** - 0.93*** 0.90*** 
L4   - 0.94***   - 0.82***   - 0.95*** 
L5     -     -     - 
    *** p < 0.001   























No. of significant SNP 
representative regions* 
UPPW 
0.05 1.63E-04 1 0.048 - 0.079 2 
0.04 8.15E-05 2 0.057 - 0.083 2 
0.05 1.65E-04 3 0.049 - 0.074 2 
0.05 1.63E-04 4 0.052 - 0.12 2 
0.05 4.98E-04 5 0.039 - 0.064 3 
0.05 1.67E-04 6 0.048 - 0.090 3 
0.05 1.68E-04 7 0.046 - 0.158 1 
0.05 2.00E-03 8 0.04 - 0.054 1 
0.05 1.59E-04 9 0.048 - 0.087 1 
0.05 5.41E-04 10 0.043 - 0.054 1 
MPPW 
0.05 2.34E-04 1 0.047 - 0.067 3 
0.05 1.89E-04 2 0.050 - 0.074 1 
0.05 2.42E-04 3 0.043 - 0.077 2 
0.05 2.26E-04 4 0.050 - 0.077 3 
0.05 2.47E-04 6 0.043 - 0.109 2 
0.05 2.37E-04 7 0.045 - 0.097 1 
0.05 2.73E-04 8 0.037 - 0.061 1 
0.05 2.65E-04 9 0.043 - 0.052 1 
0.05 2.68E-04 10 0.046 - 0.079 2 
LPPW 
0.01 3.07281E-05 1 0.053 - 0.087 2 
0.01 1.71029E-05 2 0.064 - 0.082 1 
0.01 3.47522E-05 3 0.054 - 0.112 1 
0.01 8.08558E-06 4 0.072 - 0.099 1 
0.01 8.90715E-06 5 0.081 - 0.099 2 
0.01 3.03271E-05 6 0.056 - 0.096 1 
0.01 4.7891E-05 7 0.056 - 0.101 1 
0.01 3.7725E-05 8 0.061 - 0.092 2 
0.01 4.56905E-05 9 0.055 - 0.069 1 
0.01 3.08794E-05 10 0.058 - 0.094 2 
* Markers in physical proximity and high LD were considered a single region. Upper plot-based plant width 














PFL 3 qP1.PFL.L4-3 73,145,292 - 73,392,494 0.25 7.51 2.7 5.80% 
PFL 3* qP1.PFL-3 8,327,797 - 8,664,177 0.34 5.83 2.79 7.30% 
PFL 4* qP1.PFL-4 58,886,244 - 59,079,620 0.19 5.24 -2.54 4.86% 
PFL 8 qP1.PFL.L4.L5-8 3,183,258 - 3,528,990 0.35 7.69 2.75 8.30% 
PFL 9 qP1.PFL.L4.L5-9 2,806,429 - 3,176,779 0.37 10.1 3.63 11.00% 
L4 3* qP1.L4-3 6,547,315 - 7,152,647 0.61 6.04 1.36 5.29% 
L4 3 qP1.PFL.L4-3 73,068,790 - 73,068,973 0.00 6.02 1.54 6.66% 
L4 8 qP1.PFL.L4.L5-8 3,080,839 - 3,183,258 0.10 5.94 1.46 7.26% 
L4 9 qP1.PFL.L4.L5-9 2,806,429 - 3,114,857 0.31 8.4 1.85 9.47% 
L5 4* qP1.L5-4 59,756,824 - 59,802,678 0.05 6.57 -1.74 9.71% 
L5 7* qP1.L5-7 2,961,961 - 3,006,093 0.04 5.77 1.32 6.46% 
L5 8 qP1.PFL.L4.L5-8 2,279,341 - 3,183,258 0.90 5.98 1.46 6.92% 
L5 9 qP1.PFL.L4.L5-9 2,699,481 - 3,105,556 0.41 10.1 1.8 11.11% 
Pop2 
PFL 5 qP2.PFL.L4-5 51,071,153 - 52,228,185 1.16 5.49 2.09 5.20% 
PFL 6* qP2.PFL-6 5,686,606 - 38,408,224 32.72 9.84 3.25 10.90% 
PFL 7 qP2.PFL.L4-7 58,171,600 - 58,610,000 0.44 11.1 -3.52 14.70% 
PFL 9 qP2.PFL.L4-9 56,142,389 - 57,260,020 1.12 12.9 -3.62 16.10% 
L4 4* qP2.L4-4 63,900,037 - 64,497,114 0.60 5.19 1.45 5.80% 
L4 5 qP2.PFL.L4-5 51,030,619 - 51,442,742 0.41 6.26 1.25 5.70% 
L4 7 qP2.PFL.L4-7 58,171,600 - 58,610,000 0.44 10.6 -2.03 14.70% 
L4 8* qP2.L4-8 51,942,047 - 52,264,003 0.32 6.01 -1.16 5.10% 
L4 9 qP2.PFL.L4-9 55,953,617 - 57,260,020 1.31 7.31 -1.57 9.30% 
L5 7* qP2.L5-7 58,906,298 - 59,620,899 0.71 9.78 -1.33 8.90% 
Pop3 
PFL 6* qP3.PFL-6 45,874,172 - 45,982,163 0.11 4.21 2.42 7.26% 
PFL 10* qP3.PFL-10 3,014,334 - 3,283,488 0.27 5.36 -2.33 7.06% 
L4 1 qP3.L4.L5-1 56,748,359 - 56,835,694 0.09 3.83 -1.77 9.18% 
L4 5 qP3.L4.L5-5 45,243,397 - 45,262,056 0.02 3.88 0.84 2.18% 
L4 7 qP3.L4.L5-7 58,635,376 - 58,779,394 0.14 3.77 -1.5 6.76% 
L4 8 qP3.L4.L5-8 4,152,503 - 4,560,503 0.41 3.32 -1.57 6.89% 
L4 10* qP3.L4-10 56,729,226 - 56,805,467 0.08 3.56 0.6 1.07% 
L5 1 qP3.L4.L5-1 56,748,359 - 56,835,694 0.09 3.77 -1.76 8.61% 
L5 3* qP3.L5-3 12,328,360 - 13,250,179 0.92 4.3 -1.74 8.96% 
L5 5 qP3.L4.L5-5 45,243,397 - 45,262,056 0.02 4.07 1.19 4.01% 
L5 7 qP3.L4.L5-7 58,635,376 - 58,779,394 0.14 4.05 -1.6 7.14% 
L5 8 qP3.L4.L5-8 4,485,771 - 4,560,503 0.07 3.68 -1.62 6.96% 
(*) QTLs identified for only one trait; regions without (*) are QTL associated with two or more leaves in the 







Table 6. Comparison of common regions controlling PPW and only the upper or meddle canopy 
GWAS Associated Regions Narrow Identified Regions using QTLs 















7 55,546,785 63,638,054 8.09 
0.44 qP2.PFL.L4-7 58,171,600 58,610,000 PFL-L4 2 
0.71 qP2.L5-7 58,906,298 59,620,899 L5 2 
0.14 qP3.L4.L5-7 58,635,376 58,779,394 L4 - L5 3 
8 3,226,226 11,390,966 8.16 
1.25 qP1.PFL.L4.L5-8 2,279,341 3,528,990 PFL-L4-L5 1 
0.41 qP3.L4.L5-8 4,152,503 4,560,503 L4-L5 3 
9 53,358,184 58,049,107 4.69 1.31 qP2.PFL.L4-9 55,953,617 57,260,020 PFL - L4  2 
UPPW 
4 54,187,332 62,436,482 8.25 0.19 qP1.PFL-4 58,886,244 59,079,620 PFL 1 
5 52,006,182 54,682,947 2.68 1.2 qP2.PFL.L4-5 51,030,619 52,228,185 PFL-L4* 2 
6 45,496,283 46,048,250 0.55 0.11 qP3.PFL-6 45,874,172 45,982,163 PFL 3 
MPPW 
1 51,702,413 60,146,074 8.44 0.09 qP3.L4.L5-1 56,748,359 56,835,694 L4 - L5 3 
3 11,076,980 17,831,835 6.75 0.92 qP3.L5-3 12,328,360 13,250,179 L5 3 
4 59,490,606 67,178,580 7.69 
0.05 qP1.L5-4 59,756,824 59,802,678 L5 1 
0.6 qP2.L4-4 63,900,037 64,497,114 L4 2 
PFL, pre-flag leaf; L4, leaf 4; L5, leaf 5. Upper plot-based plant width (UPPW), middle plot-based plant width (MPPW). (*) QTL  for PFL and L4, but only 










Appendix. Supplementary Data 
 
 
Supp. Figure 1. QTL results for leaf angle for different bi-parental populations. A. Population 1. B. Population 2. C. Population 3. D. Population 2 using 










Supp. Figure 2. Detailed analysis of QTL on chromosome 3 and 7 before and after correction for missing SNPs. A. Pop1, Chr.3 before correction. B. Pop1, 
Chr.3 after eliminating 57 lines with missing data within the region C. Pop2, Chr.7 before correction. D. Pop2, Chr.7 after eliminating 15 lines with missing data 









Supp. Figure 3. QTL results for plant height and leaf angle in Population 1. A. Results across the all 10 chromosomes. B. Zoom in of QTL results on 
chromosome 9, showing that the region responsible for plant height (Dw1 gene) is not responsible for leaf angle.  
 
Supp. Table 1. ANOVA of PPW traits 
  UPPW MPPW LPPW 
Source Pr > F % of Variation Pr > F % of Variation Pr > F % of Variation 
Loc 0.01* 1.70% 0.08 0.50% 0.29 0.10% 
Rep(Loc) 0.13 0.10% 0.26 0.10% 0.34 0.10% 
Genotype <.0001** 70.20% <.0001** 60.60% <.0001** 69.20% 
Loc*Genotype <.0001** 13.30% 0.1435 14.00% 0.6609 10.10% 
Residual . 14.80% . 24.90% . 20.60% 
Loc, locations; Rep(Loc), replication nested within location.  *, p-value < 0.05; **, p-value <0.01.Upper plot-based plant width 




Supp. Table 2. Associated markers with PPW at different plant levels. 
Trait Chr. No. Marker q value p value R2 
UPPW 
1 
S1_7320214 0.036 8.52E-05 5.10% 
  S1_7356148 0.049 1.63E-04 4.78% 
  S1_7417228 0.034 7.51E-05 5.30% 
  S1_7430421 0.032 6.95E-05 5.35% 
  S1_7430429 0.032 6.95E-05 5.35% 
  S1_7431269 0.036 8.69E-05 6.49% 
  S1_7431277 0.036 8.69E-05 6.49% 
  S1_7549283 0.029 6.21E-05 5.92% 
  S1_7549284 0.029 6.21E-05 5.92% 
  S1_7551778 0.042 1.20E-04 5.46% 
  S1_7551788 0.042 1.20E-04 5.46% 
  S1_7551819 0.010 1.17E-05 7.14% 
  S1_7558825 0.019 3.09E-05 5.80% 
  S1_7568307 0.045 1.36E-04 5.12% 
  S1_8844678 0.026 5.08E-05 5.88% 
  S1_9601331 0.018 2.74E-05 7.93% 
  S1_10583228 0.043 1.28E-04 5.98% 
  S1_10583229 0.043 1.28E-04 5.98% 
  S1_50090864 0.036 8.67E-05 5.23% 
  
2 
S2_18678969 0.015 2.16E-05 8.34% 
  S2_67290187 0.036 8.15E-05 5.65% 
  
3 
S3_6110657 0.045 1.42E-04 5.56% 
  S3_52036490 0.049 1.65E-04 4.90% 
  S3_52047307 0.048 1.58E-04 5.11% 
  S3_54849798 0.041 1.13E-04 6.58% 
  S3_54849833 0.041 1.13E-04 6.58% 
  S3_59961099 0.031 6.75E-05 7.36% 
  S3_60060955 0.034 7.74E-05 7.25% 
  
4 
S4_6733309 0.012 1.50E-05 8.41% 
  S4_7732792 0.029 5.89E-05 9.37% 
  S4_7732797 0.029 5.89E-05 9.37% 
  S4_12321648 0.037 9.20E-05 7.94% 
  S4_12341218 0.039 1.02E-04 8.64% 
  S4_12502737 0.037 9.30E-05 7.08% 
  S4_12724891 0.039 1.03E-04 5.99% 
  S4_12728697 0.045 1.40E-04 5.26% 
  S4_12767107 0.046 1.45E-04 5.84% 
  S4_13033981 0.010 1.10E-05 11.13% 
  S4_13122220 0.022 4.08E-05 6.56% 
  S4_13335017 0.011 1.27E-05 6.21% 
  S4_13359984 0.038 9.40E-05 5.41% 
  S4_13513670 0.041 1.13E-04 6.29% 
  S4_13584157 0.018 2.95E-05 10.00% 
  S4_13719061 0.010 1.21E-05 8.81% 




Supp. Table 2. Continued 
  
 
S4_13862865 0.019 3.28E-05 5.91% 
  S4_13884488 0.041 1.16E-04 6.20% 
  S4_13895328 0.025 4.90E-05 5.63% 
  S4_13898225 0.042 1.22E-04 5.47% 
  S4_14004294 0.017 2.61E-05 7.35% 
  S4_14028119 0.012 1.45E-05 7.09% 
  S4_14032864 0.039 1.05E-04 5.79% 
  S4_14034349 0.022 4.03E-05 7.51% 
  S4_14047349 0.032 7.08E-05 5.81% 
  S4_14144986 0.012 1.51E-05 7.13% 
  S4_54187332 0.049 1.63E-04 5.18% 
  S4_57856768 0.041 1.16E-04 5.35% 
  S4_61023181 0.012 1.44E-05 6.97% 
  S4_61451888 0.024 4.56E-05 8.11% 
  S4_61757176 0.032 7.03E-05 10.25% 
  S4_61757178 0.010 1.21E-05 12.76% 
  S4_62436482 0.026 5.16E-05 6.77% 
  
5 
S5_5917453 0.045 1.42E-04 5.37% 
  S5_5917457 0.045 1.42E-04 5.37% 
  S5_8502148 0.017 2.46E-05 6.41% 
  S5_52006182 0.050 4.98E-04 3.94% 
  S5_54682947 0.050 1.71E-04 5.49% 
  S5_61280829 0.046 1.48E-04 5.74% 
  
6 
S6_359051 0.018 2.82E-05 6.68% 
  S6_2666071 0.045 1.42E-04 6.36% 
  S6_2666073 0.045 1.42E-04 6.36% 
  S6_2666079 0.045 1.42E-04 6.36% 
  S6_2666106 0.045 1.42E-04 6.36% 
  S6_4427642 0.023 4.26E-05 6.00% 
  S6_7009337 0.038 9.49E-05 5.73% 
  S6_8128098 0.040 1.09E-04 5.28% 
  S6_8264035 0.041 1.14E-04 7.05% 
  S6_8264037 0.041 1.14E-04 7.05% 
  S6_8295906 0.018 2.83E-05 6.18% 
  S6_8615044 0.020 3.51E-05 5.98% 
  S6_12672426 0.041 1.12E-04 5.14% 
  S6_13895477 0.015 2.08E-05 6.67% 
  S6_13895509 0.015 2.18E-05 6.26% 
  S6_14800774 0.041 1.11E-04 4.98% 
  S6_15045608 0.036 8.36E-05 5.78% 
  S6_15076523 0.036 8.22E-05 5.77% 
  S6_15760366 0.032 7.07E-05 5.80% 
  S6_26171296 0.023 4.28E-05 5.85% 
  S6_27983675 0.043 1.24E-04 4.84% 
  S6_28722079 0.015 2.17E-05 6.37% 
  S6_29490997 0.043 1.29E-04 5.11% 




Supp. Table 2. Continue 
  
 
S6_29491000 0.043 1.29E-04 5.11% 
  S6_29491001 0.043 1.29E-04 5.11% 
  S6_29906097 0.042 1.23E-04 5.59% 
  S6_30802725 0.039 1.06E-04 6.00% 
  S6_30802738 0.039 1.06E-04 6.00% 
  S6_30897985 0.037 8.95E-05 6.89% 
  S6_32251566 0.002 8.08E-07 9.01% 
  S6_32273975 0.041 1.15E-04 5.30% 
  S6_32273976 0.041 1.15E-04 5.30% 
  S6_32759773 0.041 1.11E-04 5.25% 
  S6_33716725 0.017 2.55E-05 6.17% 
  S6_33716748 0.017 2.55E-05 6.17% 
  S6_33729459 0.046 1.48E-04 4.99% 
  S6_33733645 0.012 1.46E-05 6.77% 
  S6_33734506 0.046 1.48E-04 4.88% 
  S6_33737523 0.043 1.28E-04 5.46% 
  S6_33742691 0.039 1.01E-04 4.99% 
  S6_35046426 0.036 8.75E-05 5.31% 
  S6_35543357 0.033 7.35E-05 5.78% 
  S6_35790650 0.049 1.67E-04 5.36% 
  S6_35875768 0.039 1.03E-04 5.61% 
  S6_35875795 0.039 1.03E-04 5.61% 
  S6_35875803 0.039 1.03E-04 5.61% 
  S6_36835532 0.045 1.39E-04 7.24% 
  S6_37295805 0.036 8.75E-05 6.88% 
  S6_37309801 0.049 1.66E-04 5.64% 
  S6_38823793 0.031 6.58E-05 6.25% 
  S6_39106643 0.023 4.31E-05 6.24% 
  S6_41232829 0.026 5.20E-05 5.41% 
  S6_41980061 0.034 7.76E-05 6.50% 
  S6_41980101 0.034 7.76E-05 6.50% 
  S6_44583913 0.022 3.96E-05 8.03% 
  S6_45491786 0.037 9.17E-05 5.66% 
  S6_45491805 0.037 9.17E-05 5.66% 
  S6_45496281 0.010 1.13E-05 8.00% 
  S6_45496283 0.010 1.13E-05 8.00% 
  S6_46048250 0.011 1.27E-05 7.45% 
  S6_46962130 0.036 8.60E-05 5.43% 
  S6_46962148 0.036 8.60E-05 5.43% 
  S6_46962154 0.036 8.60E-05 5.43% 
  S6_61050659 0.036 8.17E-05 6.87% 
  
7 
S7_56612080 0.003 2.26E-06 8.58% 
  S7_56779451 0.045 1.42E-04 5.51% 
  S7_56913174 0.028 5.73E-05 5.41% 
  S7_56959491 0.038 9.65E-05 6.11% 
  S7_57128282 0.020 3.38E-05 7.81% 
  S7_57217458 0.045 1.42E-04 5.08% 
  S7_57279841 0.021 3.65E-05 6.55% 
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S7_57285635 0.025 4.94E-05 6.51% 
  S7_57326360 0.007 6.63E-06 8.67% 
  S7_57390114 0.037 9.07E-05 6.14% 
  S7_57390498 0.021 3.70E-05 7.02% 
  S7_57391390 0.020 3.37E-05 7.19% 
  S7_57425226 0.032 6.99E-05 5.77% 
  S7_57435635 0.048 1.56E-04 5.50% 
  S7_57449891 0.028 5.70E-05 5.94% 
  S7_57449895 0.028 5.70E-05 5.94% 
  S7_57456933 0.046 1.49E-04 5.57% 
  S7_57460980 0.019 3.21E-05 6.15% 
  S7_57468918 0.029 5.99E-05 6.81% 
  S7_57519849 0.018 2.83E-05 6.11% 
  S7_57532550 0.022 4.18E-05 5.70% 
  S7_57556761 0.006 5.28E-06 7.93% 
  S7_57626680 0.035 8.05E-05 6.23% 
  S7_57628176 0.045 1.42E-04 5.43% 
  S7_57834662 0.010 1.18E-05 6.90% 
  S7_57845917 0.014 1.90E-05 6.52% 
  S7_57889966 0.003 2.16E-06 8.68% 
  S7_57889967 0.012 1.50E-05 7.72% 
  S7_57889968 0.002 9.75E-07 9.34% 
  S7_57911569 0.045 1.44E-04 5.74% 
  S7_57923916 0.001 1.21E-07 11.37% 
  S7_58071102 0.039 1.03E-04 6.97% 
  S7_58080017 0.002 1.22E-06 7.85% 
  S7_58088429 0.003 1.91E-06 8.21% 
  S7_58088480 0.004 3.14E-06 8.82% 
  S7_58088489 0.004 3.14E-06 8.82% 
  S7_58147872 0.013 1.69E-05 6.67% 
  S7_58171875 0.015 2.20E-05 6.42% 
  S7_58174648 0.001 3.45E-07 8.61% 
  S7_58174649 0.001 3.45E-07 8.61% 
  S7_58174701 0.003 1.85E-06 10.33% 
  S7_58174734 0.006 4.57E-06 7.44% 
  S7_58174750 0.001 4.28E-07 8.50% 
  S7_58178381 0.001 1.54E-07 9.26% 
  S7_58178401 0.001 1.54E-07 9.26% 
  S7_58178413 0.001 1.51E-07 9.24% 
  S7_58178505 0.006 4.35E-06 7.79% 
  S7_58178527 0.006 4.35E-06 7.79% 
  S7_58179864 0.001 1.83E-07 9.01% 
  S7_58181673 0.000 4.06E-08 10.24% 
  S7_58181780 0.001 5.46E-07 8.98% 
  S7_58183859 0.001 5.26E-07 8.69% 
  S7_58183885 0.001 5.26E-07 8.69% 
  S7_58183887 0.001 5.26E-07 8.69% 
  S7_58185295 0.000 5.32E-08 10.94% 
  S7_58185361 0.019 3.26E-05 8.24% 
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S7_58185411 0.019 3.26E-05 8.24% 
  S7_58185681 0.010 1.16E-05 6.52% 
  S7_58185716 0.012 1.49E-05 6.48% 
  S7_58193596 0.000 1.07E-08 11.03% 
  S7_58198827 0.029 6.15E-05 5.54% 
  S7_58199037 0.000 8.75E-08 9.62% 
  S7_58209060 0.006 5.30E-06 9.45% 
  S7_58240349 0.000 5.34E-08 10.40% 
  S7_58270462 0.027 5.52E-05 5.90% 
  S7_58280357 0.042 1.19E-04 4.96% 
  S7_58300319 0.042 1.17E-04 5.24% 
  S7_58301681 0.007 5.61E-06 7.55% 
  S7_58301683 0.007 5.41E-06 7.57% 
  S7_58328462 0.003 1.79E-06 10.09% 
  S7_58390034 0.000 3.35E-08 11.89% 
  S7_58390037 0.000 3.35E-08 11.89% 
  S7_58393670 0.006 4.92E-06 7.22% 
  S7_58393671 0.006 4.92E-06 7.22% 
  S7_58393691 0.006 4.92E-06 7.22% 
  S7_58393698 0.006 4.92E-06 7.22% 
  S7_58411755 0.003 1.44E-06 8.29% 
  S7_58411776 0.001 5.40E-07 9.09% 
  S7_58412036 0.038 9.45E-05 6.69% 
  S7_58414099 0.017 2.58E-05 6.05% 
  S7_58540584 0.001 5.57E-07 10.41% 
  S7_58576095 0.001 3.08E-07 10.22% 
  S7_58576109 0.003 1.50E-06 8.83% 
  S7_58610000 0.000 3.13E-08 10.35% 
  S7_58684664 0.012 1.48E-05 8.09% 
  S7_58697488 0.018 2.77E-05 7.87% 
  S7_58707164 0.015 2.18E-05 7.60% 
  S7_58711499 0.003 1.61E-06 12.33% 
  S7_58711637 0.007 5.77E-06 8.93% 
  S7_58733063 0.003 1.57E-06 8.26% 
  S7_58733153 0.002 9.76E-07 8.96% 
  S7_58733195 0.010 9.93E-06 7.07% 
  S7_58741310 0.026 5.23E-05 5.44% 
  S7_58744113 0.004 3.10E-06 10.47% 
  S7_58744328 0.000 5.23E-09 15.83% 
  S7_58744329 0.000 5.23E-09 15.83% 
  S7_58744356 0.000 9.17E-09 11.70% 
  S7_58774447 0.000 8.14E-08 13.04% 
  S7_58774464 0.025 4.84E-05 7.25% 
  S7_58795431 0.008 7.54E-06 7.08% 
  S7_58810919 0.000 8.09E-08 10.86% 
  S7_58831655 0.003 2.04E-06 9.00% 
  S7_58834009 0.001 4.49E-07 10.04% 
  S7_58849696 0.037 9.25E-05 5.34% 
  S7_58913735 0.037 9.28E-05 6.67% 
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S7_58924701 0.010 1.21E-05 8.32% 
  S7_58929434 0.039 1.05E-04 5.41% 
  S7_58930913 0.044 1.33E-04 6.47% 
  S7_58948776 0.048 1.59E-04 6.21% 
  S7_58953828 0.013 1.71E-05 6.97% 
  S7_58971856 0.042 1.21E-04 5.45% 
  S7_58971863 0.018 2.80E-05 6.63% 
  S7_58980383 0.000 6.30E-08 11.46% 
  S7_59006842 0.036 8.60E-05 8.26% 
  S7_59029426 0.011 1.38E-05 6.28% 
  S7_59035723 0.013 1.77E-05 8.22% 
  S7_59049004 0.009 9.27E-06 8.67% 
  S7_59050065 0.006 4.72E-06 7.13% 
  S7_59050204 0.007 6.45E-06 8.46% 
  S7_59050208 0.007 6.45E-06 8.46% 
  S7_59050224 0.003 1.58E-06 9.62% 
  S7_59063201 0.010 1.02E-05 9.65% 
  S7_59081487 0.024 4.67E-05 7.17% 
  S7_59091597 0.001 5.45E-07 8.96% 
  S7_59146707 0.010 9.67E-06 8.21% 
  S7_59146983 0.002 1.19E-06 9.48% 
  S7_59170651 0.010 1.09E-05 9.46% 
  S7_59171095 0.002 1.26E-06 10.38% 
  S7_59198201 0.030 6.48E-05 5.74% 
  S7_59203187 0.000 5.69E-09 11.68% 
  S7_59227557 0.000 3.46E-08 11.32% 
  S7_59233521 0.047 1.55E-04 4.59% 
  S7_59238080 0.009 9.06E-06 7.10% 
  S7_59241922 0.001 4.54E-07 8.73% 
  S7_59261652 0.003 1.47E-06 11.11% 
  S7_59261747 0.045 1.41E-04 5.96% 
  S7_59261839 0.009 8.66E-06 7.32% 
  S7_59261871 0.006 4.31E-06 7.97% 
  S7_59274653 0.001 3.71E-07 10.51% 
  S7_59274669 0.001 3.71E-07 10.51% 
  S7_59340338 0.039 1.01E-04 4.91% 
  S7_59357186 0.002 1.02E-06 8.48% 
  S7_59428633 0.029 5.99E-05 6.09% 
  S7_59451743 0.011 1.37E-05 6.43% 
  S7_59451974 0.001 3.35E-07 10.85% 
  S7_59455102 0.013 1.64E-05 7.06% 
  S7_59503132 0.007 5.91E-06 6.87% 
  S7_59503360 0.003 1.96E-06 10.09% 
  S7_59504266 0.041 1.16E-04 5.57% 
  S7_59504314 0.041 1.16E-04 5.57% 
  S7_59506632 0.025 4.70E-05 5.96% 
  S7_59520620 0.017 2.66E-05 7.69% 
  S7_59520672 0.006 4.28E-06 7.26% 
  S7_59537325 0.004 2.65E-06 7.57% 
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S7_59575291 0.032 7.14E-05 7.19% 
  S7_59648459 0.001 2.52E-07 10.35% 
  S7_59660824 0.002 1.25E-06 8.99% 
  S7_59660836 0.000 1.09E-07 13.72% 
  S7_59711056 0.000 6.74E-08 12.85% 
  S7_59713964 0.010 9.85E-06 11.73% 
  S7_59715415 0.000 8.82E-09 12.23% 
  S7_59715848 0.000 2.73E-08 10.87% 
  S7_59716011 0.000 1.02E-07 10.22% 
  S7_59740379 0.001 2.55E-07 10.13% 
  S7_59751741 0.009 8.78E-06 7.28% 
  S7_59751825 0.000 3.19E-08 11.70% 
  S7_59773525 0.002 1.18E-06 10.72% 
  S7_59778350 0.010 1.02E-05 6.52% 
  S7_59818811 0.047 1.53E-04 5.10% 
  S7_59850040 0.003 1.78E-06 8.89% 
  S7_59865694 0.009 8.74E-06 7.06% 
  S7_59866848 0.022 4.03E-05 6.20% 
  S7_59877778 0.001 5.32E-07 10.50% 
  S7_59945647 0.010 1.15E-05 6.70% 
  S7_59945654 0.010 1.15E-05 6.70% 
  S7_59945655 0.010 1.15E-05 6.70% 
  S7_59945656 0.010 1.15E-05 6.70% 
  S7_59946597 0.039 1.02E-04 6.03% 
  S7_59946600 0.039 1.02E-04 6.03% 
  S7_59949379 0.022 4.02E-05 5.97% 
  S7_59949405 0.022 4.02E-05 5.97% 
  S7_59949437 0.022 4.02E-05 5.97% 
  S7_59971083 0.049 1.68E-04 4.80% 
  S7_59993368 0.022 4.18E-05 6.48% 
  S7_59993376 0.022 4.18E-05 6.48% 
  S7_59995096 0.016 2.38E-05 7.71% 
  S7_59995267 0.022 4.07E-05 5.48% 
  S7_60010524 0.015 2.19E-05 6.08% 
  S7_60011600 0.011 1.33E-05 7.52% 
  S7_60031456 0.000 5.60E-09 11.69% 
  S7_60031458 0.000 5.60E-09 11.69% 
  S7_60031459 0.000 5.60E-09 11.69% 
  S7_60031460 0.000 2.17E-08 11.45% 
  S7_60031509 0.000 9.16E-08 9.61% 
  S7_60046040 0.011 1.24E-05 6.54% 
  S7_60047562 0.022 4.14E-05 5.70% 
  S7_60158666 0.026 5.01E-05 6.09% 
  S7_60261863 0.042 1.19E-04 5.10% 
  S7_60369035 0.029 6.09E-05 5.38% 
  S7_60369036 0.029 6.09E-05 5.38% 
  S7_60389315 0.009 9.12E-06 6.69% 
  S7_60389346 0.012 1.59E-05 6.32% 
  S7_60389362 0.016 2.40E-05 7.00% 
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  S7_60389383 0.016 2.40E-05 7.00% 
  S7_60389393 0.016 2.40E-05 7.00% 
  S7_61348679 0.019 3.31E-05 6.80% 
  S7_61425750 0.045 1.37E-04 5.53% 
  S7_61429668 0.015 2.13E-05 5.84% 
  S7_61434167 0.018 3.03E-05 6.41% 
  S7_61434198 0.018 3.03E-05 6.41% 
  S7_61456447 0.017 2.58E-05 7.03% 
  S7_61502055 0.038 9.64E-05 5.66% 
  S7_61502092 0.038 9.64E-05 5.66% 
  S7_61502103 0.038 9.64E-05 5.66% 
  S7_61532633 0.016 2.43E-05 5.83% 
  S7_61535254 0.008 7.44E-06 8.37% 
  S7_61537588 0.044 1.33E-04 5.40% 
  S7_61542665 0.016 2.44E-05 6.56% 
  S7_61589474 0.011 1.33E-05 7.01% 
  S7_61595273 0.037 9.32E-05 6.12% 
  S7_61595300 0.037 9.32E-05 6.12% 
  S7_61595304 0.042 1.21E-04 6.26% 
  S7_61595306 0.025 4.89E-05 6.85% 
  S7_61596513 0.007 6.65E-06 7.07% 
  S7_61619568 0.006 4.90E-06 6.94% 
  S7_61621749 0.034 7.53E-05 6.38% 
  S7_61629269 0.018 2.95E-05 6.12% 
  S7_61637376 0.005 3.55E-06 9.46% 
  S7_61638977 0.004 3.09E-06 8.44% 
  S7_61714892 0.007 6.17E-06 11.29% 
  S7_61724790 0.045 1.37E-04 5.62% 
  S7_61724826 0.003 1.91E-06 8.54% 
  S7_61724841 0.003 1.91E-06 8.54% 
  S7_61724906 0.046 1.46E-04 5.63% 
  S7_61724907 0.046 1.46E-04 5.63% 
  S7_62912492 0.045 1.39E-04 6.28% 
  S7_62912496 0.045 1.39E-04 6.28% 
  S7_62912507 0.045 1.39E-04 6.28% 
  S7_63563884 0.048 1.57E-04 6.24% 
  S7_63586452 0.019 3.07E-05 7.69% 
  S7_63586474 0.019 3.07E-05 7.69% 
  S7_63636994 0.046 1.48E-04 5.46% 
  S7_63637840 0.036 8.55E-05 4.98% 
  S7_63638054 0.049 1.67E-04 4.57% 
  
8 
S8_3226226 0.050 2.00E-03 4.00% 
  S8_11390966 0.034 7.63E-05 5.37% 
  
9 
S9_53358184 0.047 1.56E-04 5.18% 
  S9_56266516 0.045 1.34E-04 5.20% 
  S9_56375715 0.043 1.29E-04 5.48% 
  S9_56422037 0.039 1.00E-04 5.37% 
  S9_56451139 0.015 2.11E-05 6.40% 
  S9_56499265 0.007 5.95E-06 7.79% 
  S9_56508161 0.046 1.46E-04 4.80% 
  S9_56552053 0.041 1.09E-04 4.96% 
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S9_56621965 0.014 1.90E-05 7.01% 
  S9_56693077 0.018 2.97E-05 8.74% 
  S9_56918857 0.048 1.59E-04 5.95% 
  S9_57761766 0.017 2.50E-05 7.94% 
  S9_58049107 0.022 3.97E-05 5.83% 
  
10 
S10_56186503 0.050 5.41E-04 4.30% 
  S10_59215385 0.049 1.66E-04 5.40% 
MPPW 
1 
S1_2631714 0.039 9.79E-05 5.37% 
  S1_16991818 0.049 2.34E-04 4.66% 
  S1_18935921 0.045 1.78E-04 5.06% 
  S1_51702413 0.025 1.83E-05 6.71% 
  S1_60146074 0.044 1.55E-04 5.24% 
  S1_60178175 0.046 1.95E-04 5.63% 
  S1_64813458 0.043 1.43E-04 4.84% 
  
2 
S2_5600327 0.046 1.89E-04 4.95% 
  S2_5600328 0.041 1.17E-04 5.31% 
  S2_14441480 0.025 1.65E-05 7.44% 
  S2_14466475 0.043 1.39E-04 6.22% 
  
3 
S3_11076980 0.047 2.08E-04 5.56% 
  S3_13550060 0.049 2.32E-04 5.94% 
  S3_17831835 0.044 1.73E-04 4.51% 
  S3_67271182 0.048 2.25E-04 4.72% 
  S3_69590012 0.035 5.64E-05 6.96% 
  S3_69606897 0.023 1.05E-05 7.46% 
  S3_69606918 0.023 1.05E-05 7.46% 
  S3_69606919 0.023 1.05E-05 7.46% 
  S3_69640190 0.049 2.35E-04 4.84% 
  S3_70141162 0.048 2.20E-04 4.42% 
  S3_70141169 0.050 2.42E-04 4.35% 
  S3_70148065 0.023 7.69E-06 7.68% 
  S3_70151489 0.049 2.35E-04 4.53% 
  S3_70217183 0.040 1.06E-04 7.44% 
  S3_73387503 0.049 2.35E-04 6.24% 
  S3_73387536 0.049 2.35E-04 6.24% 
  
4 
S4_4258702 0.040 1.09E-04 5.52% 
  S4_4763314 0.048 2.20E-04 6.74% 
  S4_50985522 0.045 1.75E-04 7.69% 
  S4_50987324 0.048 2.18E-04 5.44% 
  S4_51032287 0.024 1.52E-05 6.86% 
  S4_51112203 0.037 7.00E-05 7.06% 
  S4_52941121 0.040 1.07E-04 5.13% 
  S4_59481513 0.029 3.00E-05 5.88% 
  S4_59490606 0.034 4.77E-05 6.27% 
  S4_60062050 0.040 1.13E-04 4.97% 
  S4_67178580 0.050 2.26E-04 5.01% 
  
6 
S6_3274796 0.040 1.13E-04 7.07% 
  S6_3361375 0.039 9.32E-05 5.23% 
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S6_3723011 0.042 1.30E-04 5.38% 
  S6_3861815 0.044 1.62E-04 5.89% 
  S6_4071119 0.033 4.13E-05 6.68% 
  S6_4297432 0.040 1.03E-04 5.57% 
  S6_4297433 0.040 1.03E-04 5.57% 
  S6_4427642 0.009 2.85E-07 9.73% 
  S6_4427888 0.033 4.24E-05 5.75% 
  S6_4893258 0.041 1.21E-04 5.15% 
  S6_5376127 0.025 1.80E-05 8.35% 
  S6_5428444 0.025 1.99E-05 7.30% 
  S6_5555135 0.027 2.58E-05 6.20% 
  S6_5588881 0.044 1.60E-04 6.30% 
  S6_5604519 0.039 9.69E-05 6.40% 
  S6_5604530 0.039 9.69E-05 6.40% 
  S6_5622615 0.017 3.58E-06 7.97% 
  S6_5686569 0.037 6.99E-05 6.46% 
  S6_5697293 0.028 2.89E-05 8.00% 
  S6_5702778 0.032 3.99E-05 7.04% 
  S6_5707112 0.043 1.47E-04 5.29% 
  S6_5707120 0.037 6.50E-05 6.19% 
  S6_5707143 0.033 4.30E-05 5.90% 
  S6_5712092 0.028 2.79E-05 7.35% 
  S6_5726122 0.040 1.09E-04 7.08% 
  S6_5732361 0.035 5.74E-05 5.53% 
  S6_5744754 0.043 1.45E-04 4.91% 
  S6_5786044 0.023 1.14E-05 6.48% 
  S6_5805174 0.044 1.57E-04 5.24% 
  S6_6248047 0.042 1.29E-04 5.05% 
  S6_6291089 0.037 7.44E-05 5.60% 
  S6_6371429 0.036 5.81E-05 5.92% 
  S6_6378759 0.028 2.90E-05 6.15% 
  S6_6378770 0.028 2.90E-05 6.15% 
  S6_6385518 0.037 7.74E-05 5.88% 
  S6_6432408 0.023 1.23E-05 6.45% 
  S6_6432442 0.023 1.23E-05 6.45% 
  S6_6438679 0.018 3.87E-06 7.04% 
  S6_6497283 0.050 2.40E-04 4.86% 
  S6_6567864 0.023 1.01E-05 6.67% 
  S6_6567945 0.021 4.89E-06 7.58% 
  S6_6579677 0.045 1.86E-04 5.11% 
  S6_6637666 0.011 8.56E-07 9.44% 
  S6_6637669 0.011 8.56E-07 9.44% 
  S6_6637819 0.024 1.44E-05 6.54% 
  S6_6637896 0.009 2.21E-07 9.56% 
  S6_6685154 0.011 1.01E-06 9.45% 
  S6_6685195 0.011 1.01E-06 9.45% 
  S6_6688879 0.009 3.90E-07 8.77% 
  S6_6689253 0.011 8.04E-07 8.47% 
  S6_6692655 0.009 1.50E-07 10.87% 
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S6_6718660 0.009 4.08E-07 9.90% 
  S6_6718698 0.033 4.27E-05 5.74% 
  S6_6746661 0.041 1.20E-04 5.36% 
  S6_6957599 0.050 2.40E-04 4.85% 
  S6_6981219 0.034 5.20E-05 7.15% 
  S6_6989703 0.048 2.16E-04 4.64% 
  S6_7009337 0.024 1.47E-05 6.93% 
  S6_7023593 0.039 8.59E-05 5.38% 
  S6_7173247 0.031 3.57E-05 6.80% 
  S6_7173251 0.031 3.57E-05 6.80% 
  S6_7178871 0.025 1.80E-05 6.78% 
  S6_7327763 0.023 1.15E-05 6.56% 
  S6_7327779 0.023 1.28E-05 6.55% 
  S6_7463965 0.046 2.00E-04 5.79% 
  S6_7463971 0.046 2.00E-04 5.79% 
  S6_7463980 0.046 2.00E-04 5.79% 
  S6_7556955 0.047 2.07E-04 4.98% 
  S6_7639953 0.034 4.99E-05 6.18% 
  S6_7640364 0.025 2.07E-05 6.42% 
  S6_7678629 0.046 2.00E-04 5.18% 
  S6_7678825 0.043 1.44E-04 5.29% 
  S6_7708934 0.045 1.81E-04 5.15% 
  S6_7714116 0.037 6.83E-05 5.69% 
  S6_7743751 0.039 8.99E-05 5.55% 
  S6_7853955 0.048 2.26E-04 5.02% 
  S6_8067445 0.035 5.52E-05 5.94% 
  S6_8128019 0.039 9.83E-05 5.32% 
  S6_8128098 0.025 1.73E-05 6.66% 
  S6_8202198 0.031 3.35E-05 6.23% 
  S6_8218475 0.037 6.90E-05 6.07% 
  S6_8264035 0.025 2.04E-05 7.96% 
  S6_8264037 0.025 2.04E-05 7.96% 
  S6_8264961 0.037 7.13E-05 5.58% 
  S6_8295906 0.025 1.90E-05 6.44% 
  S6_8322695 0.039 9.82E-05 5.54% 
  S6_8333628 0.042 1.28E-04 5.34% 
  S6_8529843 0.043 1.45E-04 5.13% 
  S6_8529861 0.048 2.15E-04 5.64% 
  S6_8568621 0.043 1.43E-04 5.30% 
  S6_8615044 0.037 7.46E-05 5.28% 
  S6_8683022 0.035 5.40E-05 5.56% 
  S6_9268433 0.039 9.31E-05 5.91% 
  S6_9287311 0.033 4.46E-05 6.90% 
  S6_9332714 0.043 1.40E-04 5.60% 
  S6_9377324 0.039 8.89E-05 5.28% 
  S6_9413093 0.036 6.26E-05 6.05% 
  S6_9413109 0.036 6.26E-05 6.05% 
  S6_9444686 0.050 2.44E-04 4.85% 
  S6_9663631 0.044 1.50E-04 5.32% 
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S6_9665952 0.043 1.43E-04 5.23% 
  S6_9669583 0.043 1.46E-04 5.09% 
  S6_10534751 0.046 2.00E-04 5.00% 
  S6_10554785 0.039 9.54E-05 5.91% 
  S6_10575052 0.044 1.72E-04 4.65% 
  S6_10575932 0.049 2.36E-04 4.44% 
  S6_10578487 0.046 1.95E-04 5.37% 
  S6_10580696 0.046 2.05E-04 4.64% 
  S6_10818567 0.043 1.43E-04 4.73% 
  S6_10865141 0.044 1.60E-04 5.49% 
  S6_11437405 0.034 5.03E-05 6.15% 
  S6_11504350 0.044 1.48E-04 5.42% 
  S6_11519858 0.040 1.08E-04 5.90% 
  S6_11593727 0.041 1.18E-04 5.13% 
  S6_11595172 0.045 1.80E-04 5.02% 
  S6_11606899 0.044 1.72E-04 4.66% 
  S6_11611503 0.050 2.46E-04 5.22% 
  S6_11622192 0.043 1.46E-04 5.07% 
  S6_11644131 0.044 1.49E-04 5.37% 
  S6_11652242 0.044 1.63E-04 5.47% 
  S6_11701607 0.034 5.03E-05 5.57% 
  S6_11713180 0.048 2.15E-04 5.05% 
  S6_11766950 0.031 3.62E-05 6.03% 
  S6_11771678 0.039 8.48E-05 5.61% 
  S6_11817228 0.035 5.73E-05 5.26% 
  S6_11966959 0.036 6.29E-05 6.34% 
  S6_11987446 0.048 2.26E-04 5.33% 
  S6_12009300 0.039 8.47E-05 5.82% 
  S6_12192800 0.040 1.00E-04 5.57% 
  S6_12192838 0.040 1.02E-04 7.73% 
  S6_12237860 0.047 2.10E-04 5.38% 
  S6_12266572 0.048 2.26E-04 5.71% 
  S6_12306447 0.032 3.75E-05 6.41% 
  S6_12333704 0.037 7.00E-05 6.05% 
  S6_12336835 0.046 2.01E-04 5.37% 
  S6_12672426 0.016 2.87E-06 7.88% 
  S6_13059565 0.044 1.70E-04 5.10% 
  S6_13060745 0.046 2.00E-04 5.02% 
  S6_13061264 0.039 8.82E-05 5.16% 
  S6_13061456 0.039 8.82E-05 5.58% 
  S6_13503775 0.044 1.53E-04 5.49% 
  S6_13590001 0.035 5.53E-05 6.20% 
  S6_13610964 0.039 8.25E-05 5.64% 
  S6_13614046 0.044 1.72E-04 5.75% 
  S6_13614071 0.039 9.66E-05 6.15% 
  S6_13842640 0.043 1.47E-04 4.94% 
  S6_13843642 0.042 1.32E-04 4.87% 
  S6_13843748 0.045 1.74E-04 4.74% 
  S6_13895477 0.039 9.34E-05 5.37% 
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S6_13895509 0.042 1.26E-04 4.94% 
  S6_13896573 0.044 1.57E-04 4.93% 
  S6_13896577 0.035 5.66E-05 5.56% 
  S6_13896581 0.036 5.89E-05 5.54% 
  S6_13927877 0.037 7.09E-05 5.27% 
  S6_13927938 0.046 1.93E-04 5.08% 
  S6_14033994 0.025 2.00E-05 6.31% 
  S6_14133150 0.039 8.89E-05 5.84% 
  S6_14493221 0.033 4.39E-05 5.76% 
  S6_14494419 0.044 1.73E-04 4.84% 
  S6_14500075 0.044 1.50E-04 4.84% 
  S6_14506811 0.043 1.40E-04 5.50% 
  S6_14800716 0.037 7.07E-05 6.23% 
  S6_15045608 0.039 8.96E-05 5.57% 
  S6_15052959 0.050 2.47E-04 4.97% 
  S6_15052974 0.050 2.47E-04 4.97% 
  S6_15076523 0.037 7.38E-05 5.75% 
  S6_15088174 0.043 1.39E-04 5.25% 
  S6_15109357 0.046 2.04E-04 5.03% 
  S6_15361015 0.037 6.74E-05 6.61% 
  S6_15697221 0.044 1.58E-04 5.78% 
  S6_15726179 0.046 1.90E-04 5.60% 
  S6_15726180 0.046 1.90E-04 5.60% 
  S6_15760366 0.039 9.00E-05 5.61% 
  S6_15876663 0.034 5.09E-05 6.48% 
  S6_15876696 0.034 5.09E-05 6.48% 
  S6_15946366 0.037 7.59E-05 5.16% 
  S6_16597507 0.045 1.80E-04 4.97% 
  S6_16983538 0.045 1.75E-04 5.37% 
  S6_17034815 0.042 1.30E-04 5.51% 
  S6_17354192 0.031 3.61E-05 5.58% 
  S6_17381146 0.039 9.73E-05 5.40% 
  S6_17477555 0.043 1.40E-04 5.13% 
  S6_17500801 0.037 6.61E-05 5.37% 
  S6_17562961 0.048 2.22E-04 4.82% 
  S6_17631637 0.039 9.00E-05 5.21% 
  S6_17646448 0.045 1.84E-04 4.64% 
  S6_18036445 0.044 1.51E-04 5.06% 
  S6_18303303 0.045 1.78E-04 4.92% 
  S6_18556521 0.046 1.87E-04 5.14% 
  S6_19212714 0.048 2.22E-04 4.44% 
  S6_19258912 0.027 2.54E-05 5.93% 
  S6_19296828 0.044 1.65E-04 4.87% 
  S6_19708683 0.035 5.49E-05 5.73% 
  S6_20390280 0.049 2.35E-04 4.56% 
  S6_20390304 0.050 2.43E-04 4.54% 
  S6_20627666 0.046 1.91E-04 5.02% 
  S6_20746216 0.045 1.84E-04 4.82% 
  S6_20753723 0.044 1.73E-04 4.76% 
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S6_21228789 0.041 1.23E-04 5.18% 
  S6_21694795 0.044 1.62E-04 5.27% 
  S6_25550327 0.046 2.04E-04 4.55% 
  S6_25613316 0.044 1.73E-04 5.97% 
  S6_25854341 0.049 2.36E-04 5.04% 
  S6_25854392 0.049 2.36E-04 5.04% 
  S6_25948269 0.045 1.80E-04 4.71% 
  S6_26171296 0.037 6.74E-05 5.52% 
  S6_26183272 0.044 1.62E-04 6.13% 
  S6_26336659 0.033 4.22E-05 5.77% 
  S6_26832495 0.037 7.36E-05 5.33% 
  S6_27298121 0.040 1.06E-04 5.19% 
  S6_27299792 0.039 9.18E-05 5.74% 
  S6_27410994 0.034 4.61E-05 6.19% 
  S6_27412449 0.032 3.93E-05 6.56% 
  S6_27430129 0.039 8.53E-05 5.65% 
  S6_27491149 0.044 1.65E-04 5.26% 
  S6_27664257 0.034 5.00E-05 6.42% 
  S6_27679483 0.042 1.28E-04 5.33% 
  S6_27902739 0.048 2.21E-04 5.54% 
  S6_27981552 0.022 6.31E-06 7.12% 
  S6_27983475 0.046 2.03E-04 4.72% 
  S6_27983675 0.036 6.06E-05 5.30% 
  S6_28123732 0.041 1.17E-04 5.30% 
  S6_28132904 0.037 7.83E-05 5.50% 
  S6_28208059 0.040 1.06E-04 5.26% 
  S6_28212209 0.045 1.83E-04 5.00% 
  S6_28470843 0.039 8.68E-05 6.13% 
  S6_28672419 0.037 7.72E-05 6.08% 
  S6_28697247 0.046 1.88E-04 5.26% 
  S6_28722079 0.016 2.79E-06 7.72% 
  S6_28722624 0.045 1.82E-04 6.23% 
  S6_28722733 0.039 9.89E-05 5.58% 
  S6_28722734 0.039 9.89E-05 5.58% 
  S6_28863081 0.045 1.85E-04 5.67% 
  S6_28880461 0.044 1.58E-04 5.07% 
  S6_28880572 0.037 7.76E-05 5.72% 
  S6_28993923 0.050 2.40E-04 4.87% 
  S6_29003885 0.044 1.49E-04 4.93% 
  S6_29012100 0.023 1.03E-05 8.34% 
  S6_29076439 0.044 1.50E-04 4.90% 
  S6_29274859 0.044 1.67E-04 4.70% 
  S6_29301723 0.039 8.44E-05 5.47% 
  S6_29301759 0.043 1.44E-04 5.10% 
  S6_29327692 0.042 1.25E-04 5.35% 
  S6_29335168 0.044 1.59E-04 5.33% 
  S6_29462236 0.025 1.58E-05 6.32% 
  S6_29490997 0.045 1.83E-04 4.87% 
  S6_29490999 0.045 1.83E-04 4.87% 
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S6_29491000 0.045 1.83E-04 4.87% 
  S6_29491001 0.045 1.83E-04 4.87% 
  S6_29496099 0.032 3.70E-05 5.52% 
  S6_29517287 0.042 1.31E-04 5.66% 
  S6_29712845 0.042 1.35E-04 5.38% 
  S6_29889255 0.024 1.41E-05 7.80% 
  S6_29906090 0.039 8.44E-05 6.11% 
  S6_29906097 0.033 4.28E-05 6.63% 
  S6_30277412 0.040 1.02E-04 5.29% 
  S6_30419240 0.025 1.67E-05 7.29% 
  S6_30421496 0.044 1.63E-04 5.50% 
  S6_30503416 0.046 1.94E-04 5.36% 
  S6_30601453 0.043 1.45E-04 5.64% 
  S6_30749652 0.033 4.17E-05 6.83% 
  S6_30756238 0.023 1.32E-05 7.78% 
  S6_30756271 0.023 1.32E-05 7.78% 
  S6_30779159 0.047 2.06E-04 5.29% 
  S6_30780757 0.040 1.02E-04 5.05% 
  S6_30802725 0.023 1.17E-05 7.78% 
  S6_30802738 0.023 1.17E-05 7.78% 
  S6_30806619 0.039 9.26E-05 5.99% 
  S6_30806722 0.040 1.14E-04 5.79% 
  S6_30813078 0.046 2.00E-04 4.68% 
  S6_30842690 0.044 1.71E-04 6.31% 
  S6_30897985 0.031 3.40E-05 7.05% 
  S6_30919062 0.026 2.40E-05 6.15% 
  S6_30962007 0.045 1.77E-04 5.60% 
  S6_30967137 0.031 3.40E-05 6.04% 
  S6_30990081 0.037 7.68E-05 5.57% 
  S6_30990085 0.037 7.68E-05 5.57% 
  S6_30992283 0.034 5.10E-05 6.01% 
  S6_31053896 0.037 6.65E-05 5.56% 
  S6_31053940 0.034 4.61E-05 6.21% 
  S6_31075509 0.049 2.33E-04 5.49% 
  S6_31084488 0.043 1.47E-04 6.12% 
  S6_31085219 0.044 1.63E-04 4.96% 
  S6_31120662 0.048 2.19E-04 5.64% 
  S6_31201269 0.039 9.62E-05 6.54% 
  S6_31286412 0.034 4.57E-05 6.17% 
  S6_31286446 0.034 4.57E-05 6.17% 
  S6_31378380 0.039 9.94E-05 5.76% 
  S6_31461609 0.045 1.81E-04 5.47% 
  S6_31548816 0.042 1.34E-04 6.03% 
  S6_31798365 0.036 5.88E-05 5.94% 
  S6_32148481 0.030 3.16E-05 6.68% 
  S6_32203351 0.035 5.73E-05 5.76% 
  S6_32220939 0.040 1.14E-04 5.24% 
  S6_32228555 0.044 1.56E-04 4.94% 
  S6_32234325 0.041 1.20E-04 5.30% 
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S6_32234530 0.037 7.04E-05 5.63% 
  S6_32251566 0.015 2.18E-06 8.25% 
  S6_32254251 0.023 8.14E-06 7.91% 
  S6_32273702 0.037 7.37E-05 5.49% 
  S6_32273975 0.016 3.05E-06 7.68% 
  S6_32273976 0.016 3.05E-06 7.68% 
  S6_32334758 0.039 9.07E-05 5.70% 
  S6_32334938 0.044 1.52E-04 4.82% 
  S6_32500778 0.023 8.64E-06 6.62% 
  S6_32571266 0.023 1.12E-05 7.01% 
  S6_32582450 0.041 1.20E-04 5.86% 
  S6_32652539 0.037 7.71E-05 5.98% 
  S6_32652557 0.037 7.71E-05 5.98% 
  S6_32662993 0.034 4.97E-05 6.07% 
  S6_32665175 0.023 1.03E-05 7.49% 
  S6_32670868 0.040 1.07E-04 5.26% 
  S6_32670908 0.043 1.38E-04 4.87% 
  S6_32680120 0.033 4.19E-05 6.34% 
  S6_32759716 0.035 5.46E-05 5.73% 
  S6_32759773 0.016 2.70E-06 7.71% 
  S6_32793377 0.040 1.07E-04 5.66% 
  S6_32793378 0.040 1.07E-04 5.66% 
  S6_32793380 0.040 1.07E-04 5.66% 
  S6_32793385 0.040 1.07E-04 5.66% 
  S6_33534128 0.046 1.93E-04 5.40% 
  S6_33534130 0.045 1.82E-04 5.51% 
  S6_33572107 0.046 1.95E-04 5.65% 
  S6_33572115 0.046 1.95E-04 5.65% 
  S6_33716725 0.015 2.20E-06 7.92% 
  S6_33716748 0.015 2.20E-06 7.92% 
  S6_33724997 0.032 3.98E-05 6.77% 
  S6_33725064 0.041 1.19E-04 6.39% 
  S6_33725158 0.040 1.12E-04 6.52% 
  S6_33725164 0.040 1.12E-04 6.52% 
  S6_33725167 0.040 1.12E-04 6.52% 
  S6_33725217 0.044 1.60E-04 5.32% 
  S6_33725220 0.044 1.60E-04 5.32% 
  S6_33725297 0.039 9.44E-05 5.44% 
  S6_33725299 0.039 9.44E-05 5.44% 
  S6_33729035 0.048 2.15E-04 5.37% 
  S6_33729050 0.048 2.15E-04 5.37% 
  S6_33729154 0.044 1.68E-04 5.22% 
  S6_33729215 0.037 7.15E-05 5.80% 
  S6_33729397 0.025 2.25E-05 7.04% 
  S6_33729399 0.025 2.25E-05 7.04% 
  S6_33729433 0.025 2.25E-05 7.04% 
  S6_33729459 0.022 5.94E-06 7.48% 
  S6_33729826 0.024 1.44E-05 7.14% 
  S6_33732080 0.032 3.91E-05 6.51% 
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S6_33732137 0.048 2.17E-04 5.24% 
  S6_33733491 0.041 1.15E-04 5.53% 
  S6_33733609 0.043 1.40E-04 6.13% 
  S6_33733625 0.043 1.40E-04 6.13% 
  S6_33733645 0.015 1.79E-06 8.34% 
  S6_33734202 0.037 7.21E-05 5.96% 
  S6_33734506 0.024 1.37E-05 6.68% 
  S6_33734578 0.021 5.20E-06 7.62% 
  S6_33734603 0.025 1.62E-05 7.24% 
  S6_33734704 0.039 8.39E-05 5.69% 
  S6_33734978 0.031 3.45E-05 6.15% 
  S6_33735032 0.025 1.94E-05 6.90% 
  S6_33737523 0.030 3.26E-05 6.51% 
  S6_33737524 0.027 2.63E-05 6.56% 
  S6_33737742 0.041 1.19E-04 6.39% 
  S6_33742691 0.023 1.31E-05 6.48% 
  S6_33780465 0.043 1.44E-04 5.65% 
  S6_34375349 0.048 2.26E-04 5.19% 
  S6_34375362 0.048 2.26E-04 5.19% 
  S6_34726081 0.050 2.46E-04 4.32% 
  S6_34810518 0.048 2.17E-04 5.12% 
  S6_34952385 0.032 3.79E-05 7.32% 
  S6_35044039 0.039 8.88E-05 5.36% 
  S6_35046426 0.034 4.67E-05 5.90% 
  S6_35089383 0.048 2.20E-04 5.19% 
  S6_35201758 0.042 1.27E-04 5.29% 
  S6_35478063 0.036 5.81E-05 6.41% 
  S6_35502579 0.046 1.90E-04 5.29% 
  S6_35520518 0.025 2.34E-05 7.27% 
  S6_35520527 0.025 2.34E-05 7.27% 
  S6_35543357 0.037 7.41E-05 5.77% 
  S6_35548937 0.044 1.70E-04 5.08% 
  S6_35637878 0.048 2.14E-04 4.64% 
  S6_35642364 0.044 1.64E-04 4.85% 
  S6_35651988 0.037 6.59E-05 5.38% 
  S6_35716730 0.027 2.69E-05 6.26% 
  S6_35759374 0.041 1.15E-04 5.98% 
  S6_35790650 0.034 4.80E-05 6.29% 
  S6_35866190 0.037 6.78E-05 5.62% 
  S6_35869776 0.042 1.34E-04 5.11% 
  S6_35870150 0.037 7.76E-05 5.99% 
  S6_35871068 0.040 1.06E-04 6.86% 
  S6_35871069 0.040 1.06E-04 6.86% 
  S6_35871092 0.040 1.06E-04 6.86% 
  S6_35875768 0.046 1.95E-04 5.39% 
  S6_35875795 0.046 1.95E-04 5.39% 
  S6_35875803 0.046 1.95E-04 5.39% 
  S6_35914043 0.040 1.01E-04 5.70% 
  S6_36154622 0.031 3.47E-05 6.35% 
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S6_36161401 0.040 1.01E-04 5.89% 
  S6_36208507 0.043 1.41E-04 6.15% 
  S6_36372245 0.028 2.78E-05 6.83% 
  S6_36508453 0.044 1.69E-04 6.00% 
  S6_36508464 0.044 1.69E-04 6.00% 
  S6_36546101 0.044 1.52E-04 5.66% 
  S6_36623830 0.044 1.69E-04 5.76% 
  S6_36623846 0.024 1.52E-05 7.67% 
  S6_36628658 0.030 3.21E-05 7.18% 
  S6_36793999 0.041 1.23E-04 5.24% 
  S6_36835532 0.023 1.01E-05 9.41% 
  S6_36835598 0.044 1.68E-04 5.46% 
  S6_36926077 0.037 6.45E-05 6.02% 
  S6_37132057 0.025 2.11E-05 6.89% 
  S6_37295805 0.023 7.17E-06 8.59% 
  S6_37309494 0.041 1.17E-04 6.26% 
  S6_37309801 0.027 2.60E-05 6.83% 
  S6_37345488 0.044 1.71E-04 5.05% 
  S6_37364833 0.034 5.15E-05 6.41% 
  S6_37433792 0.034 4.64E-05 6.27% 
  S6_37433837 0.048 2.23E-04 5.21% 
  S6_37514293 0.032 3.79E-05 6.19% 
  S6_37526774 0.050 2.38E-04 4.64% 
  S6_37527094 0.044 1.66E-04 5.28% 
  S6_37627115 0.034 5.09E-05 6.28% 
  S6_37627125 0.034 5.09E-05 6.28% 
  S6_37689278 0.043 1.44E-04 4.86% 
  S6_37690373 0.048 2.23E-04 6.17% 
  S6_38098543 0.040 1.09E-04 5.93% 
  S6_38163534 0.041 1.20E-04 5.87% 
  S6_38163543 0.041 1.20E-04 5.87% 
  S6_38174232 0.044 1.71E-04 6.01% 
  S6_38174263 0.044 1.71E-04 6.01% 
  S6_38176594 0.050 2.42E-04 5.76% 
  S6_40820587 0.039 9.65E-05 5.21% 
  S6_41232829 0.025 2.12E-05 6.00% 
  S6_41322711 0.044 1.48E-04 5.32% 
  S6_41980061 0.037 7.88E-05 6.63% 
  S6_41980101 0.037 7.88E-05 6.63% 
  S6_42235104 0.037 6.69E-05 5.38% 
  S6_44786783 0.042 1.29E-04 4.93% 
  S6_44786824 0.042 1.29E-04 4.93% 
  S6_52142406 0.042 1.27E-04 6.14% 
  
7 
S7_55546785 0.044 1.66E-04 4.98% 
  S7_57556761 0.044 1.66E-04 5.32% 
  S7_58174648 0.025 2.25E-05 5.89% 
  S7_58174649 0.025 2.25E-05 5.89% 
  S7_58174750 0.028 2.75E-05 5.86% 
  S7_58178381 0.023 1.06E-05 6.45% 
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S7_58178401 0.023 1.06E-05 6.45% 
  S7_58178413 0.022 5.79E-06 6.81% 
  S7_58178505 0.037 7.92E-05 5.57% 
  S7_58178527 0.037 7.92E-05 5.57% 
  S7_58179864 0.016 3.22E-06 7.21% 
  S7_58181673 0.021 5.24E-06 7.01% 
  S7_58181780 0.025 1.85E-05 6.45% 
  S7_58183859 0.023 1.12E-05 6.41% 
  S7_58183885 0.023 1.12E-05 6.41% 
  S7_58183887 0.023 1.12E-05 6.41% 
  S7_58185295 0.023 8.30E-06 7.24% 
  S7_58185681 0.025 2.20E-05 5.92% 
  S7_58185716 0.034 4.77E-05 5.59% 
  S7_58193596 0.015 2.10E-06 7.44% 
  S7_58199037 0.029 3.01E-05 5.73% 
  S7_58240349 0.023 7.73E-06 6.90% 
  S7_58280357 0.049 2.35E-04 4.50% 
  S7_58286768 0.041 1.16E-04 5.57% 
  S7_58300319 0.033 4.03E-05 5.95% 
  S7_58301681 0.020 4.46E-06 7.57% 
  S7_58301683 0.023 7.57E-06 7.13% 
  S7_58328462 0.046 1.95E-04 6.15% 
  S7_58390034 0.011 1.10E-06 9.19% 
  S7_58390037 0.011 1.10E-06 9.19% 
  S7_58393670 0.025 1.86E-05 6.35% 
  S7_58393671 0.025 1.86E-05 6.35% 
  S7_58393691 0.025 1.86E-05 6.35% 
  S7_58393698 0.025 1.86E-05 6.35% 
  S7_58411755 0.039 9.62E-05 5.42% 
  S7_58411776 0.040 1.08E-04 5.41% 
  S7_58414099 0.025 2.29E-05 6.29% 
  S7_58576095 0.039 9.57E-05 5.62% 
  S7_58576109 0.040 1.13E-04 5.47% 
  S7_58610000 0.025 2.29E-05 6.01% 
  S7_58744113 0.040 1.14E-04 6.94% 
  S7_58744328 0.042 1.34E-04 6.57% 
  S7_58744329 0.042 1.34E-04 6.57% 
  S7_58744356 0.044 1.64E-04 4.83% 
  S7_58810919 0.025 2.34E-05 6.39% 
  S7_58834007 0.037 6.50E-05 6.27% 
  S7_58834009 0.026 2.44E-05 7.05% 
  S7_58980383 0.044 1.70E-04 5.43% 
  S7_59049004 0.036 6.23E-05 6.82% 
  S7_59063201 0.023 7.89E-06 9.69% 
  S7_59170651 0.046 2.00E-04 6.11% 
  S7_59171095 0.041 1.17E-04 6.63% 
  S7_59261839 0.044 1.63E-04 5.08% 
  S7_59261871 0.046 1.87E-04 5.08% 
  S7_59274653 0.042 1.31E-04 6.07% 
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S7_59274669 0.042 1.31E-04 6.07% 
  S7_59503132 0.025 2.30E-05 6.07% 
  S7_59506632 0.037 6.43E-05 5.49% 
  S7_59520672 0.046 2.04E-04 4.82% 
  S7_59585100 0.036 6.12E-05 8.50% 
  S7_59629331 0.031 3.32E-05 6.48% 
  S7_59648459 0.034 4.89E-05 6.34% 
  S7_59711056 0.046 2.05E-04 5.72% 
  S7_59740379 0.035 5.58E-05 6.08% 
  S7_59751741 0.040 1.12E-04 5.49% 
  S7_59751825 0.037 6.97E-05 5.80% 
  S7_59850040 0.039 8.90E-05 6.18% 
  S7_59865694 0.037 7.42E-05 5.58% 
  S7_59866848 0.023 1.31E-05 6.86% 
  S7_59872272 0.021 5.40E-06 8.28% 
  S7_59993368 0.044 1.70E-04 5.65% 
  S7_59993376 0.044 1.70E-04 5.65% 
  S7_60031456 0.036 6.15E-05 5.35% 
  S7_60031458 0.036 6.15E-05 5.35% 
  S7_60031459 0.036 6.15E-05 5.35% 
  S7_60031460 0.023 1.04E-05 6.80% 
  S7_60031509 0.039 8.35E-05 5.09% 
  S7_60389315 0.039 9.53E-05 5.16% 
  S7_60389346 0.046 1.90E-04 4.68% 
  S7_60389881 0.037 6.70E-05 5.61% 
  S7_60409379 0.041 1.22E-04 5.21% 
  S7_61611004 0.046 1.96E-04 5.58% 
  S7_62801492 0.042 1.30E-04 7.07% 
  S7_63586452 0.049 2.37E-04 5.68% 
  S7_63586474 0.049 2.37E-04 5.68% 
  S7_63586811 0.037 7.87E-05 5.66% 
  
8 
S8_2247680 0.050 2.73E-04 3.71% 
  S8_5077285 0.046 2.02E-04 5.26% 
  S8_5431611 0.033 4.16E-05 6.05% 
  
9 
S9_53750009 0.050 2.65E-04 4.25% 
  S9_57310782 0.048 2.21E-04 5.14% 
  
10 
S10_2984977 0.044 1.65E-04 5.62% 
  S10_8871779 0.050 2.41E-04 5.22% 
  S10_8884297 0.038 8.04E-05 5.18% 
  S10_9792812 0.042 1.33E-04 7.91% 
     
  S10_56396510 0.050 2.68E-04 4.62% 
  S10_59283370 0.046 1.91E-04 4.60% 
LPPW 
1 
S1_40954050 0.011 1.23E-06 8.74% 
  S1_46422240 0.012 3.88E-05 6.15% 
  S1_56918414 0.012 3.07E-05 5.49% 
  S1_60273850 0.013 4.87E-05 7.66% 
  S1_60752965 0.011 2.33E-05 6.58% 
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S1_60772579 0.012 4.07E-05 5.38% 
  S1_60812267 0.011 4.49E-06 7.88% 
  S1_60889972 0.011 4.60E-06 7.15% 
  
2 
S2_58755910 0.011 1.71E-05 6.80% 
  S2_62515214 0.011 1.63E-05 6.44% 
  S2_63529205 0.011 1.57E-05 8.21% 
  S2_63529220 0.011 1.57E-05 8.21% 
  S2_71757093 0.013 4.83E-05 5.85% 
  
3 
S3_9254632 0.012 2.88E-05 7.61% 
  S3_9254644 0.012 2.88E-05 7.61% 
  S3_9315420 0.011 8.62E-06 8.83% 
  S3_9404331 0.011 1.35E-05 9.62% 
  S3_9563292 0.012 3.48E-05 7.77% 
  S3_9566103 0.011 4.91E-06 8.15% 
  S3_9566104 0.011 4.91E-06 8.15% 
  S3_9566105 0.011 4.91E-06 8.15% 
  S3_12413183 0.011 2.25E-05 7.74% 
  S3_12614143 0.011 2.46E-05 7.95% 
  S3_12839127 0.011 1.82E-05 7.41% 
  S3_13088542 0.011 1.62E-05 6.62% 
  S3_13145107 0.011 1.87E-05 6.71% 
  S3_13145342 0.011 2.51E-05 6.20% 
  S3_13149529 0.011 1.65E-05 6.18% 
  S3_13152767 0.012 2.92E-05 5.48% 
  S3_13152791 0.011 7.72E-06 6.49% 
  S3_13152797 0.011 7.72E-06 6.49% 
  S3_13153706 0.006 2.25E-07 11.20% 
  
4 
S4_409116 0.011 1.39E-06 9.94% 
  S4_409125 0.011 7.93E-07 10.42% 
  S4_409159 0.011 7.93E-07 10.42% 
  S4_566227 0.011 8.09E-06 7.20% 
  S4_566231 0.011 8.09E-06 7.20% 
  
5 
S5_43937785 0.011 8.91E-06 8.15% 
  S5_60847230 0.011 3.68E-06 9.86% 
  
6 
S6_5555135 0.011 2.43E-05 6.01% 
  S6_5565958 0.011 7.10E-06 8.15% 
  S6_5622615 0.011 2.01E-06 7.91% 
  S6_5707112 0.011 6.23E-06 7.28% 
  S6_5707120 0.011 5.78E-06 7.29% 
  S6_5732361 0.011 1.59E-05 6.03% 
  S6_5941471 0.012 2.72E-05 5.67% 
  S6_5942316 0.011 1.70E-06 7.88% 
  S6_6098439 0.011 7.89E-06 6.88% 
  S6_6122473 0.011 4.24E-06 7.17% 
  S6_6385518 0.011 1.32E-05 6.69% 
  S6_6438679 0.011 6.95E-06 6.60% 
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S6_6569120 0.012 2.60E-05 6.40% 
  S6_6574228 0.012 2.91E-05 5.84% 
  S6_6579646 0.012 3.03E-05 5.90% 
  S6_6685154 0.011 4.80E-06 7.68% 
  S6_6685195 0.011 4.80E-06 7.68% 
  S6_6981219 0.012 2.83E-05 7.33% 
  S6_6988341 0.011 1.12E-05 6.18% 
  S6_6989767 0.011 1.94E-05 5.98% 
  S6_7024774 0.012 2.96E-05 5.76% 
  S6_7173048 0.011 7.89E-06 7.62% 
  S6_7178871 0.011 1.57E-05 6.38% 
  S6_7295062 0.011 9.89E-06 6.48% 
  S6_7327763 0.011 1.50E-05 6.34% 
  S6_7327779 0.011 1.60E-05 6.32% 
  S6_7714116 0.011 1.52E-05 6.35% 
  S6_8164157 0.011 2.32E-05 6.11% 
  S6_9268433 0.011 9.78E-06 7.12% 
  S6_9377324 0.011 6.30E-06 6.66% 
  S6_9668157 0.011 1.46E-05 6.01% 
  S6_9669583 0.011 1.57E-05 6.38% 
  S6_10483776 0.011 4.95E-06 7.46% 
  S6_10553682 0.011 1.48E-05 6.28% 
  S6_10553751 0.011 2.03E-05 5.95% 
  S6_10554082 0.011 1.17E-05 6.07% 
  S6_10567605 0.011 2.46E-05 5.68% 
  S6_10575052 0.011 1.12E-05 6.27% 
  S6_10575932 0.011 1.24E-05 6.15% 
  S6_11082125 0.011 1.37E-05 6.32% 
  S6_11197220 0.011 2.25E-05 6.18% 
  S6_11197222 0.011 2.25E-05 6.18% 
  S6_11197253 0.012 2.57E-05 6.17% 
  S6_11341337 0.011 1.12E-05 6.47% 
  S6_11425775 0.012 2.87E-05 6.11% 
  S6_11622192 0.011 1.83E-05 6.16% 
  S6_11674173 0.012 2.81E-05 5.69% 
  S6_11674174 0.012 2.87E-05 5.71% 
  S6_11701607 0.011 1.42E-05 6.06% 
  S6_11791108 0.011 9.23E-06 6.45% 
  S6_11817228 0.011 1.32E-05 6.05% 
  S6_11966959 0.011 1.50E-05 6.96% 
  S6_12306441 0.011 2.23E-05 6.22% 
  S6_12306447 0.011 1.63E-05 6.43% 
  S6_12672426 0.012 2.75E-05 5.94% 
  S6_13059565 0.011 1.82E-05 6.32% 
  S6_13061456 0.011 1.90E-05 6.24% 
  S6_13842640 0.011 8.08E-06 6.58% 
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S6_13896594 0.011 1.04E-05 6.56% 
  S6_13896595 0.011 1.04E-05 6.56% 
  S6_13896596 0.011 4.64E-06 7.16% 
  S6_13896598 0.011 1.50E-05 6.74% 
  S6_14119788 0.011 2.36E-05 5.78% 
  S6_14119794 0.011 2.36E-05 5.78% 
  S6_14449772 0.011 1.48E-05 6.12% 
  S6_14493221 0.011 1.76E-05 6.17% 
  S6_14517783 0.011 1.21E-05 6.19% 
  S6_15045608 0.012 2.96E-05 6.19% 
  S6_15088174 0.011 6.15E-06 7.32% 
  S6_15123197 0.012 2.60E-05 5.82% 
  S6_15658831 0.011 1.19E-05 6.92% 
  S6_15760366 0.012 2.99E-05 6.20% 
  S6_16142899 0.011 1.71E-05 6.37% 
  S6_17354192 0.011 5.87E-06 6.65% 
  S6_17646426 0.011 1.51E-05 6.04% 
  S6_18010034 0.011 2.47E-05 6.11% 
  S6_18523341 0.011 2.09E-05 6.72% 
  S6_19258912 0.011 1.56E-05 6.19% 
  S6_19347397 0.011 2.08E-05 6.14% 
  S6_20566833 0.011 1.56E-05 6.56% 
  S6_20753723 0.012 2.99E-05 5.63% 
  S6_21228789 0.011 1.32E-06 7.93% 
  S6_21458973 0.011 2.40E-05 5.62% 
  S6_25948269 0.011 5.11E-06 7.17% 
  S6_26112726 0.011 1.67E-05 6.43% 
  S6_26171296 0.011 2.01E-05 6.06% 
  S6_27031083 0.012 2.91E-05 5.74% 
  S6_27934635 0.012 2.92E-05 6.20% 
  S6_27945315 0.012 2.62E-05 5.93% 
  S6_28672419 0.011 6.93E-06 7.37% 
  S6_28722079 0.012 2.59E-05 5.91% 
  S6_29076439 0.011 6.81E-06 6.54% 
  S6_29274859 0.011 5.50E-06 6.71% 
  S6_29301759 0.011 2.10E-05 5.94% 
  S6_29549449 0.012 2.56E-05 7.21% 
  S6_29712845 0.012 2.76E-05 6.12% 
  S6_29795989 0.011 6.81E-06 7.19% 
  S6_29906090 0.011 1.41E-05 6.96% 
  S6_29906097 0.012 2.88E-05 6.44% 
  S6_30356471 0.011 2.10E-05 6.06% 
  S6_30427133 0.011 2.01E-05 6.03% 
  S6_30756238 0.011 1.52E-05 7.04% 
  S6_30756271 0.011 1.52E-05 7.04% 
  S6_30780757 0.011 1.68E-05 5.94% 
  S6_30802725 0.011 8.93E-06 7.45% 
  S6_30802738 0.011 8.93E-06 7.45% 
  S6_30806619 0.011 1.01E-05 7.00% 
136 
 
Supp. Table 2. Continued 
  
 
S6_30806722 0.012 2.65E-05 6.08% 
  S6_30919062 0.011 8.13E-06 6.58% 
  S6_30990081 0.011 1.39E-05 6.47% 
  S6_30990085 0.011 1.39E-05 6.47% 
  S6_31053896 0.011 1.11E-05 6.57% 
  S6_31053940 0.011 5.63E-06 7.24% 
  S6_31100085 0.011 5.03E-06 7.02% 
  S6_31134787 0.012 2.72E-05 6.62% 
  S6_31134795 0.012 2.72E-05 6.62% 
  S6_31134832 0.011 2.42E-05 6.17% 
  S6_31378380 0.011 6.48E-06 7.42% 
  S6_32203351 0.011 9.54E-06 6.54% 
  S6_32234530 0.011 1.90E-05 6.20% 
  S6_32254251 0.011 1.57E-05 6.84% 
  S6_32334758 0.011 7.45E-06 6.82% 
  S6_32334938 0.011 1.68E-05 6.01% 
  S6_32500778 0.011 1.80E-05 6.03% 
  S6_32571266 0.011 4.60E-06 7.10% 
  S6_32652539 0.011 2.27E-05 6.47% 
  S6_32652557 0.011 2.27E-05 6.47% 
  S6_32658943 0.011 1.38E-05 6.80% 
  S6_32662993 0.011 2.09E-05 6.16% 
  S6_32665175 0.011 9.52E-06 7.05% 
  S6_32670868 0.011 1.72E-05 6.08% 
  S6_32734527 0.012 2.88E-05 5.74% 
  S6_32734538 0.012 2.88E-05 5.74% 
  S6_32759773 0.012 2.75E-05 5.90% 
  S6_33724997 0.011 2.00E-05 6.58% 
  S6_33729826 0.011 1.47E-05 6.69% 
  S6_33733645 0.011 1.45E-05 6.49% 
  S6_33734578 0.011 1.11E-05 6.65% 
  S6_33737524 0.011 2.27E-05 6.37% 
  S6_34221466 0.011 2.07E-05 6.24% 
  S6_34393286 0.011 2.08E-05 6.36% 
  S6_34652407 0.011 2.04E-05 6.41% 
  S6_34726081 0.011 2.28E-05 5.65% 
  S6_35046426 0.011 4.37E-06 6.95% 
  S6_35478063 0.011 1.01E-05 7.17% 
  S6_35520518 0.011 8.45E-06 7.27% 
  S6_35520527 0.011 8.45E-06 7.27% 
  S6_35543357 0.012 2.80E-05 6.16% 
  S6_35582022 0.011 2.04E-06 8.78% 
  S6_35637878 0.011 2.21E-05 6.04% 
  S6_35651988 0.011 8.72E-06 6.41% 
  S6_35790650 0.012 2.94E-05 6.03% 
  S6_35866190 0.011 2.25E-05 6.11% 
  S6_35870150 0.011 1.81E-05 6.67% 
  S6_35914043 0.012 2.67E-05 6.30% 
  S6_36154622 0.011 1.81E-05 6.57% 
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S6_36161401 0.011 2.06E-05 6.95% 
  S6_36438786 0.011 2.17E-05 6.18% 
  S6_36546101 0.011 2.10E-05 6.70% 
  S6_36623830 0.011 2.22E-05 6.49% 
  S6_36623846 0.011 1.67E-05 6.70% 
  S6_36884864 0.011 1.27E-05 6.16% 
  S6_37295805 0.011 1.11E-05 7.27% 
  S6_37364793 0.011 1.32E-05 6.58% 
  S6_37364833 0.011 1.20E-05 6.65% 
  S6_38092970 0.011 1.37E-05 6.74% 
  S6_39193320 0.011 2.88E-06 7.69% 
  S6_40606078 0.011 3.93E-06 8.79% 
  S6_40606110 0.011 6.81E-06 8.00% 
  S6_40606125 0.012 2.80E-05 7.62% 
  S6_40820587 0.011 2.17E-05 6.06% 
  S6_40835847 0.011 1.83E-05 6.75% 
  S6_40908336 0.012 2.60E-05 6.14% 
  S6_41232829 0.011 1.88E-05 5.84% 
  S6_42230707 0.011 7.55E-06 6.77% 
  S6_42235104 0.011 5.79E-06 6.68% 
  S6_42312370 0.011 1.95E-05 6.63% 
  S6_42371615 0.011 1.17E-05 7.00% 
  S6_44959724 0.011 1.24E-05 6.25% 
  S6_52156916 0.011 9.53E-06 6.82% 
  S6_52583139 0.011 1.55E-05 9.62% 
  S6_54399961 0.011 1.63E-05 5.85% 
  S6_54401011 0.011 1.38E-05 6.18% 
  S6_54401025 0.011 1.37E-05 6.18% 
  S6_54401030 0.011 1.37E-05 6.18% 
  S6_54401034 0.011 1.37E-05 6.18% 
  S6_58263712 0.012 2.85E-05 6.56% 
  S6_59641611 0.011 4.81E-06 7.36% 
  
7 
S7_57834609 0.012 3.20E-05 8.35% 
  S7_57889967 0.011 8.37E-07 9.41% 
  S7_58293966 0.011 2.22E-05 6.25% 
  S7_58294001 0.011 2.22E-05 6.25% 
  S7_58301681 0.012 3.49E-05 6.09% 
  S7_58301683 0.011 2.27E-05 6.30% 
  S7_58390034 0.011 5.52E-06 7.72% 
  S7_58390037 0.011 5.52E-06 7.72% 
  S7_58395571 0.011 1.11E-05 9.08% 
  S7_58414099 0.012 2.94E-05 5.95% 
  S7_58540584 0.013 4.14E-05 6.63% 
  S7_58576095 0.011 9.51E-06 7.53% 
  S7_58576109 0.011 1.67E-05 7.01% 
  S7_58610000 0.011 2.11E-05 5.87% 
  S7_58744113 0.011 7.59E-06 9.46% 
  S7_58810919 0.011 2.31E-05 6.28% 
  S7_58834009 0.013 4.79E-05 6.52% 
138 
 
Supp. Table 2. Continued 
  
 
S7_59006081 0.012 3.99E-05 6.00% 
  S7_59049004 0.011 5.07E-06 8.93% 
  S7_59063201 0.011 3.15E-06 10.05% 
  S7_59227721 0.012 2.88E-05 6.91% 
  S7_59377598 0.012 3.18E-05 6.30% 
  S7_59428633 0.011 1.15E-06 8.93% 
  S7_59503132 0.012 3.44E-05 5.61% 
  S7_59629331 0.006 1.32E-07 10.11% 
  S7_59629349 0.011 1.05E-05 6.95% 
  S7_59648459 0.011 1.05E-05 7.16% 
  S7_59666575 0.011 1.62E-05 6.31% 
  S7_59695617 0.006 2.11E-07 9.65% 
  S7_59711344 0.012 3.53E-05 5.91% 
  S7_59848115 0.011 8.99E-07 8.70% 
  S7_59848150 0.011 8.99E-07 8.70% 
  S7_59850040 0.011 7.42E-06 8.01% 
  S7_59872272 0.011 2.43E-05 7.02% 
  S7_60699775 0.011 1.53E-05 7.56% 
  S7_60705548 0.011 1.96E-05 7.25% 
  S7_60705593 0.011 1.96E-05 7.25% 
  S7_60705602 0.011 1.96E-05 7.25% 
  S7_62039725 0.011 1.04E-05 7.52% 
  S7_62801492 0.011 1.28E-05 8.91% 
  S7_62806790 0.011 1.88E-05 7.92% 
  S7_62806888 0.012 3.59E-05 6.70% 
  
8 
S8_2890327 0.012 3.77E-05 6.16% 
  S8_6153667 0.011 1.62E-05 8.27% 
  S8_54308294 0.011 6.96E-06 9.22% 
  
9 
S9_49419448 0.013 4.57E-05 6.36% 
  S9_50946916 0.011 1.68E-05 6.12% 
  S9_56933187 0.011 7.43E-06 6.86% 
  S9_56937015 0.012 3.14E-05 5.72% 
  S9_57169768 0.011 1.58E-05 6.14% 
  S9_57241116 0.012 2.74E-05 5.53% 
  
10 
S10_7340983 0.011 7.09E-06 7.66% 
  S10_47832699 0.011 1.26E-05 6.91% 
  S10_47832700 0.011 1.26E-05 6.91% 
  S10_47837241 0.012 3.09E-05 5.75% 
  S10_49218250 0.011 2.12E-05 9.41% 
  S10_55089964 0.011 1.57E-06 7.71% 
Bold markers correspond to markers that were found associated with more than one PPW level. Upper plot-







Supp. Table 3. ANOVA of leaf angle and plant height 
Population Source 
Leaf Angle (°) 
PFL L4 L5 PH 
Pr > F POFV Pr > F POFV Pr > F POFV Pr > F POFV 
Pop1 
Loc 0.004* 2.50% 0.005* 3.20% 0.003* 1.20% 0.03* 3.60% 
Rep(Loc) 0.058 0.10% 0.07 0.08% 0.21 0.00% 0.05 0.10% 
Genotype <.0001** 81.00% <.0001** 78.10% <.0001** 78.80% <.0001** 86.90% 
Loc*Genotype <.0001** 9.60% <.0001** 10.40% <.0001** 9.60% <.0001** 4.80% 
Residual . 6.80% . 8.22% . 10.40% . 4.60% 
Pop2 
Loc 0.03* 1.10% 0.31 0.40% 0.14 1.30%     
Rep(Loc) 0.06 0.10% 0.07 0.50% 0.16 0.50%     
Genotype <.0001** 77.90% <.0001** 69.70% <.0001** 67.30%     
Loc*Genotype <.0001** 9.90% <.0001** 12.60% <.0001** 13.20%     
Residual . 11.00% . 16.80% . 17.70%     
Pop3 
Loc 0.020* 0.90% 0.78 0.01% 0.90 0.00% 0.02* 3.15% 
Rep(Loc) 0.23 0.10% 0.08 0.21% 0.18 0.15% 0.06 0.23% 
Genotype <.0001** 81.80% <.0001** 81.98% <.0001** 82.68% <.0001** 90.82% 
Loc*Genotype 0.0007** 7.00% <.0001** 7.80% 0.0063** 6.52% 0.02* 2.10% 
Residual . 10.20% . 10.00% . 10.65% . 3.70% 
PFL, pre-flag leaf; L4, leaf 4; L5, leaf 5.POFV, percentage of phenotypic variation. Loc, locations; Rep(Loc), replication nested within location. *, p-value < 




Supp. Table 4. Total number of markers, BINs, and genetic distance for each population. 





















1 1,875 381 197.9 1,429 276 217.2 1,726 656 173.1 
2 1,326 292 135.4 1,117 225 205.0 1,398 648 183.0 
3 1,581 308 163.3 1,239 281 246.7 1,495 609 176.2 
4 1,500 315 169.1 882 219 169.3 1,039 455 143.8 
5 1,178 202 130.6 703 178 184.9 663 298 107.6 
6 1,007 251 150.2 926 164 125.7 1,007 378 115.6 
7 706 157 130.1 580 165 152.7 804 355 111.4 
8 637 106 65.5 558 136 119.3 528 257 99.5 
9 1,300 276 116.1 728 154 136.8 641 314 116.8 
10 707 169 93.1 799 166 124.1 1,088 338 140.3 








CHAPTER 4.    THE BIOLOGICAL EFFECT OF BRASSINOSTEROIDS ON LEAF 
ANGLE AND OTHER ARCHITECTURE TRAITS IN SORGHUM 
Abstract 
Brassinosteroids (BRs) are a group of plant hormones involved in several plant growth 
and developmental processes. Although genes involved in the BR metabolic pathways are well 
known in model species, information about BRs and their effect in sorghum remains elusive. 
Since BR deficient mutants display short stature, erect leaves, and high grain and biomass 
yields, our goal was to characterize the effects of BRs on leaf angle and plant architecture in 
sorghum. Propiconazole (pcz), a BR inhibitor, was applied to diverse sorghum accessions 
during development. Our findings demonstrate that BRs modulate leaf angle and plant height 
following a dose-dependent response, and that 50 µM reduced leaf and tiller angle, plant 
height, flowering time, and increased stem circumference. Changes in plant morphology were 
accompaniedby altered expression profiles of BR biosynthesis and signaling genes, depending 
on the genetic background, developmental stage, and tissue. A clear association between leaf 
angle and  relative expression of BRASINAZOLE RESISTANT 1 / BRI1 EMS SUPPRESSOR1 
(BZR1/BES1) was observed, suggesting that this gene could be instrumental for the 
manipulation of leaf angle distribution across the canopy. Finally, a crosstalk between BRs and 
auxin was demonstrated based on the similar transcript accumulation observed between 
BZR1/BES1 and the auxin transporter DWARF3 (Dw3), suggesting that BZR1 influences the 
transport of auxins in the plant or that Dw3 plays an important role in the transport of BR 
outside the cells. Our findings demostrate that the manipulation of BR genes can be utilized to 





Brassinosteroids (BRs) are a group of approximately 40 steroid hormones that control 
several biological, physiological, and morphological processes in plants (Grove et al., 1979; 
Wada and Marumo, 1981; Müssig and Altmann, 1999; Clouse, 2002a). These hormones are 
synthesized in the endoplasmic reticulum, and act in very small amounts in a paracrine mode 
of action, i.e., they act near the site of synthesis (Grove et al., 1979; Müssig and Altmann, 
1999; Symons and Reid, 2004; Montoya et al., 2005). Seed germination and plant fertility are 
some of the biological process affected by BRs in Arabidopsis, rice, and tobacco (Anuradha 
and Rao, 2001; Leubner-Metzger, 2001; Jeong et al., 2010; Ye et al., 2010). BRs are also 
involved in physiological processes such as flowering time, photosynthesis, and tolerance to 
abiotic stresses, particularly salinity and drought (Domagalska et al., 2010; Fariduddin et al., 
2011, 2014; Ye et al., 2017; Kaur et al., 2018). Among the morphological characteristics 
controlled by BRs, leaf angle, tiller angle, and plant height are the most extensively 
investigated (Li and Chory, 1997; Yin et al., 2002; Hong et al., 2003; Liu et al., 2007; Wang 
et al., 2008; Tanaka et al., 2009; Zhang et al., 2012). 
Leaf angle, defined as the inclination between the leaf blade and the main stem, is 
principally determined by the number and size of cells in the collar, also called lamina joint or 
auricle (Wada and Marumo, 1981; Cao and Chen, 1995; Nakamura et al., 2009; Zhao et al., 
2010; Kong et al., 2017; Strable et al., 2017). The proposed plant architecture ideotype in cereal 
crops consists of erect leaves that progressively increase their angles from the top of the plant 
down, allowing for a higher light interception and conversion efficiencies,  increased plant 
density, and thus, superior carbon fixation and yield (Donald, 1968; Mock and Pearce, 1975; 
Ort et al., 2015). Several studies have shown that mutations in BR biosynthesis and/or signaling 
genes affect the cell division and elongation of cells in the collar, generating a small leaf angle 
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phenotype (Wada and Marumo, 1981; Yamamuro et al., 2000; Wang et al., 2008; Tanaka et 
al., 2009). For example, loss of function in the orthologue BR membrane receptor gene 
BRASSINOSTEROID INSENSITIVE 1 (BRI1) in rice, OsBRI1, generates phenotypes with 
small leaf angle and prevents internode elongation (Yamamuro et al., 2000). Sakamoto et al. 
(2006) reported that BR-deficient mutants generated erect leaves that increased biomass 
production and grain yield in rice. Tanaka et al. (2009) discovered that repression of the rice 
BRASSINOSTEROID UPREGULATED1 (BU1) gene caused erect leaves that could be 
reverted to the wild type phenotype by the application of brassinolide (BL) -the most 
biologically active BR molecule. 
Endogenous BRs move over short distances both within and between cells according 
to grafting experiments in pea and tomato (Montoya et al., 2005; Symons et al., 2008). 
However, exogenous BRs can be acropetally transported from roots to leaves through xylem 
when they are applied to the soil, but are poorly translocated from the leaves to the rest of the 
plant through the phloem (Nishikawa et al., 1994; Symons and Reid, 2004; Symons et al., 
2008; Yokota et al., 1992). Brassinazole (brz) is an exogenous brassinosteroid biosynthesis 
inhibitor that belongs to the triazole chemical family (Asami et al., 2000). It specifically blocks 
the BR biosynthesis by inhibiting the cytochrome P450 steroid C-22 hydroxylase, encoded by 
DWARF4 (DW4) in Arabidopsis (Asami et al., 2000; Wang et al., 2002). When Arabidopsis 
seedlings were treated with brz, they presented dwarf phenotypes and altered leaf morphology 
that were recovered to the wildtype by the application of BRs, but not by other hormones such 
as gibberellic acid (Asami et al., 2000). The high cost of this molecule led to the identification 
of new chemicals that could have the same function and effect. For instance, Hartwig et al. 
(2012) discovered that propiconazole (pcz), a triazole-type molecule currently used as 
fungicide, showed the same specificity and effects as brz in Arabidopsis and maize seedlings. 
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Although the biosynthesis and signaling pathways of BRs have been elucidated in 
Arabidopsis and rice  (Yin et al., 2002; Hong et al., 2003; Cano-Delgado, 2004; Vert et al., 
2005; Choe S, 2006; Tong et al., 2014), they have not been fully explained in sorghum. In a 
first attempt to investigate the effect of BRs in sorghum, Mantilla-Perez et al. (2014) performed 
a linkage disequilibrium (LD) mapping to identify BR genes associated with variation in plant 
architecture traits. Five BR candidate genes were significantly associated with leaf angle, 
including two BR biosynthesis candidate genes DWARF 7 (DW7) and PHYB ACTIVATION-
TAGGED SUPPRESSOR 1 (BAS1), and three signaling genes BRI1 KINASE INHIBITOR 1 
(BKI1), BR-SIGNALING KINASE 1 (BSK1) and the transcription factor BRASSINAZOLE 
RESISTANT 1/ BRI1 EMS SUPPRESSOR1 (BZR1/BES1). Since then, no other studies have 
been conducted to relate sorghum leaf angle and BRs. 
Given the specificity of brz and pcz, they have been extensively used in BR-related 
research in different plant species, particularly Arabidopsis, rice, and maize (Wang et al., 2002; 
Nakamura et al., 2009; Tanaka et al., 2009; Hartwig et al., 2012; Feng et al., 2016). Most 
studies testing the effects of exogenous BRs consisted of in vitro applications to leaves and 
roots, or in vivo applications to seedlings (Wang et al., 2002; Tanaka et al., 2005; Hartwig et 
al., 2012; Feng et al., 2016; Oh et al., 2016). However, no study has investigated the effect of 
BR throughout development, by applying the hormone or inhibitors to whole plants. Therefore, 
the aim of this study was to understand the phenotypic and molecular effects of the BR inhibitor 
pcz in sorghum when applied during development on different genetic backgrounds. The 
specific objectives of our research were: i) to test the effects of different pcz doses on sorghum 
development and architecture; ii) to investigate leaf angle throughout the canopy and the pcz-
induced changes using different sorghum accessions; iii) to understand the pattern of 




Materials and Methods 
Effects of propiconazole doses on plant architecture 
Experimental design and growing conditions 
Seven concentrations of pcz were tested using the sorghum reference cultivar ‘BTx623’ 
under greenhouse conditions following a completely randomized design (CRD). The 
concentrations were: 0 μM, 10 μM, 20 μM, 50 μM, 100 μM, 200 μM, and 400 μM.  A total of 
42 6-L pots were filled with 2.4 kg of MetroMix 900 pot-mix (SunGro Horticulture). Two 
seeds were planted in each pot and a barcoded tag with the treatment concentration was placed 
at random, having six pots per treatment. At two-leaf stage, one plant per pot was discarded, 
and the other plant was evaluated for the duration of the experiment. 
Each pot received 500 mL of distilled water with the corresponding treatment (pcz) 
once per week, and additional 500 mL of distilled water three days later. During this second 
irrigation, water was supplemented with Peters® Excel Cal-Mag Fertilizer (15-5-5), pH was 
adjusted to 5.0 – 6.0 and electrical conductivity to 1.6 - 1.8. After the seven-leaf stage, plants 
continued to received 500 mL of distilled water and treatment, but 750 mL of distilled water 
and fertilizer after three days, adjusting to a pH of 4.0 – 4.5 and electrical conductivity of 2.2 
– 2.5, as recommended by the fertilizer manufacturer for sorghum at this developmental stage. 
The greenhouse conditions were set at 28°C- 30°C and 13 hours of supplemented light. 
Phenotypic data collection 
Every week, angle of each leaf was measured 24 hours after treatment. Plant height 
was recorded from the soil level to the top of the panicle at maturity. Number of internodes 




Statistical analysis was performed using one-way ANOVA in SAS® 9.4 software (SAS 
Institute, 2013), to test the treatment effect. Fisher’s least significant difference (LSD) and 
Tuckey criteria were used to identify significant differences between treatments for the average 
angle across the canopy, plant height, and average internode length. The optimal pcz 
concentration for further experiments was defined as the dose that induced the most significant 
change in leaf angle relative to control, without inducing a major change in other architecture 
parameters or height. 
Expression analysis of BR genes under control conditions and in response to a BR-
inhibitor 
Experimental design and growing conditions 
Once the pcz concentration was defined, six lines from the sorghum association panel 
were selected for the experiment (Casa et al., 2008) based on two criteria: i) lines with different 
haplotypes for the associated BR-candidate genes described by Mantilla Perez et al. (2014), 
and ii) lines with different haplotypes for the plant height and leaf angle gene Dw3 (Table 1). 
Twelve plants per genotype were tested: six received the weekly treatment (50 μM of pcz), 
and six were used as control receiving a mock treatment (distilled water). A total of 72 6-L 
pots were filled with 2.4 kg of MetroMix 900 (SunGro Horticulture), and one plant per pot 
was maintained for the experiment. Genotypes were randomized in a completely randomized 
design (CRD). The greenhouse settings and fertilizer application were as previously described.  
Phenotypic data collection 
Plant architecture traits were evaluated during plant development from the three-leaf 
stage to grain filling. Leaf angle was measured weekly, 24 hours after treatment using a 
barcoded protractor, a barcode scanner, and a NEXUS7 tablet. At plant maturity, other traits 
were evaluated including dissected plant height, stem circumference (SC), tiller number (TN), 
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tiller angle (TA), flowering time (FT), photosynthesis or leaf carbon assimilation rate (A), and 
total biomass (TB). SC is the perimeter of the stem measured at the base of the stem at plant 
maturity. TN was counted at plant maturity. TA is defined as the angle of the tiller stem with 
respect to the main stem, measured with a paper protractor. FT is the number of days from 
planting to 50% anthesis. A was recorded as gas exchange using LI-COR 6400XT under the 
following conditions: leaf chamber cuvette was set to 1,000 μmol photons m-2 s-1 PAR, 400 
ppm reference CO2 concentration, and 50-60% relative humidity(Ortiz et al., 2017). Carbon 
assimilation rates were performed on the most recently expanded leaf which corresponded to 
leaf 8 or 7, depending on the genotype. TB was measured as dry weight of the total above-
ground plant material after maturity, including grain. 
Dissected plant height included: i) pre-flag leaf height (H-PFL), as the distance from 
the ground to the collar of the pre-flag leaf; ii) pre-flag leaf to flag-leaf height (H-PFL-FL), as 
the distance between the collars of the pre-flag leaf and flag leaf; iii) panicle exsertion (PE), as 
the distance from the collar of the flag leaf to the base of the panicle; iv) panicle length (PL), 
as a measure of the panicle raquis length; and v) total plant height (TPH), as the distance from 
the base of the plant at the soil level to the tip of the panicle. 
Statistical analysis 
All phenotypes were analyzed using SAS® 9.4 software (SAS Institute, 2013). One-
way ANOVA was used to test for significant differences between treatment and control per 
genotype according to the following model:  
Yij = µ + Ti + eij ; 
where Yij represented the phenotypic observation of the ij
th plant, µ is the overall mean, 
Ti is the effect of the i
th treatment, and eij is the residual error. F-test was performed to test the 
null hypothesis of no phenotypic differences due to treatment.  
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To test the effect of treatment, genotype, and genotype by treatment interaction on the 
phenotype of interest, the following linear model was used: 
Yij = µ + Ti + Gj + TGij + eij 
where, Yij represented the phenotypic observation from the ij
th plant, µ is the overall 
mean, Ti is the effect of the i
th treatment, Gj is the effect of the j
th genotype, TGij is the effect 
of the interaction between the ith treatment and the jth genotype, and eij is the residual error. A 
p-value < 0.05 was the threshold to test the null hypothesis of no phenotypic differences due 
to treatment, genotype, and treatment by genotype interaction.  
Tissue collection and grinding 
To understand the role of BR genes in leaf angle determination, the canopy was divided 
into three sections: low, middle, and upper level. Counting from the bottom, the fifth (L5), 
eighth (L8), and pre-flag (PFL) leaves were evaluated as representatives of the lower, middle 
and upper canopy. From each of these fully expanded leaves, the collar was extracted, after 
leaf angle measurement, and used for RNA extraction. Gene expression analysis was 
conducted by cDNA synthesis and quantitative real time polymerase chain reaction [RT-
qPCR] (Tsai and Wiltbank, 1996; Borson et al., 1998). The genes investigated included six BR 
candidate genes (DWARF 4 [DW4], DW7, BAS1, BKI1, BSK1 and BZR1/BES1) and one auxin 
gene (Dw3) previously associated with changes in leaf angle (Mantilla Perez et al., 2014; 
Truong et al., 2015). Given that the transcription factors BZR1 and BES1 from Arabidopsis 
predicted the same candidate gene in sorghum, this candidate gene will be called BZR1/BES1 
for this manuscript. 
 Two collars of the same leaf from replicated plants were placed in a 5mL sterile 
Eppendorf® tube, flash frozen in liquid nitrogen, and then stored at -80 °C. The tissue was 
ground using a GenoGrinder® 2010 machine after adding two sterile stainless steel balls -
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5/32’’ diameter- to each tube. In order to preserve the sample integrity during grinding, each 
tube was taken from liquid nitrogen and placed in the grinding machine for 30 seconds at 700 
rpms, and then submerged again in liquid nitrogen for at least two minutes. This procedure was 
repeated three times until the tissue was completely pulverized. The ground tissue was then 
stored at -80 °C for further RNA extraction.  
Total RNA isolation and cDNA synthesis 
Approximately 100 mg of ground tissue was used to extract RNA using the RNeasy 
Plant Mini Kit (QIAGEN, Valencia, CA). RNA was quantified and qualified using NanoDrop 
spectrophotometer 2000c (NanoDrop Technologies, Wilmington, DE), and samples with an 
OD260/OD280 and OD260/OD230 absorbance ratio of 1.9-2.2 and 1.8-2.1, respectively, were used 
for further analysis. The Turbo DNA-free™ Kit (Invitrogen, Carlsbad, CA) was used to 
eliminate residual DNA following the manufacturer recommendations. After a second RNA 
quantification to obtain a target RNA concentration of 700 – 1,000 ng/μL, Superscript® III 
First-Strand Synthesis SuperMix System (Invitrogen, Carlsbad, CA) was used to convert RNA 
into cDNA. The cDNA was diluted to 10 ng/μL for RT-qPCR and stored at -20 to -30 °C.  
Primer design and reaction efficiencies  
Primers for six BR candidate genes, the auxin gene Dw3, and the housekeeping gene 
were designed using the integrated DNA technologies (IDT) real time qPCR assay entry 
website https://www.idtdna.com/scitools/Applications/RealTimePCR/ (IDT, Coralville, IA). 
The following parameters were utilized: annealing temperature, 59 – 62 °C; primer length, 18 
- 24 bps; GC content, 45 - 55%; and amplicon size between 100 and 150 bps. The selected 
housekeeping or control gene was SERINE/THREONINE PROTEIN PHOSPHATASE 2A 
(PP2A) based on its stability across treatments, tissues, and developmental stages in sorghum 
(Sudhakar Reddy et al., 2016). A series of cDNA dilutions were performed to validate the 
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reaction efficiency of all genes using the pre-flag leaf collar of BTx623 under control 
conditions. Primers with PCR efficiencies between 90.0%-110% and a regression coefficient 
R2 > 0.98 were further utilized (Nolan et al., 2006; Bustin et al., 2009) (Supp. Table 1 and 
Supp. Figure 3). Products of RT-qPCR were evaluated by gel electrophoresis using 2% agarose 
and SYBR SAFE® intercalant dye (Invitrogen, Carlsbad, CA).  
Quantitative real time PCR (RT-qPCR) 
The RT-qPCR reactions were performed using SsoAdvanced™ Universal SYBR® 
Green Super Mix (Bio-Rad Laboratories, Hercules, CA) in MicroAmp™ 96 well optical 
reaction plates (Thermo Fisher Scientific, Waltham, MA), covered with ThermaSeal® ultra 
high optical clarity sealing film (EXCEL Scientific, Victorville, CA). The reactions run in a 
MX3000P Real-Time PCR System machine (Stratagene, San Diego, CA). All reactions were 
performed in a total volume of 10 μL, containing 5 μl of SsoAdvanced™ Universal SYBR® 
Green Super Mix (Bio-Rad Laboratories, Hercules, CA), 0.2 mM of each primer, 1.0 μL of 
diluted cDNA (~10 ng/μL based on dilutions from quantified RNA), and nuclease-free water. 
The reaction conditions were 95°C for 1 min, followed by 40 cycles of 15 seconds at 95°C, 
and 30 seconds at 60°C with fluorescence signal recording. Melt curves were generated for 
each reaction after amplification to confirm specificity. All RT-qPCR reactions were done 
using two biological replications and three experimental replications including the non-
template control (NTC).  
Gene expression analysis 
Threshold cycle (Ct) values were recorded using the automatically corrected baseline 
and thresholds provided by the RT-qPCR system default settings. Mean and standard 
deviations were calculated using Microsoft Excel 2013 spreadsheet. PCR efficiencies (E) for 
all seven candidate genes and the control gene were evaluated using a 10-fold dilution series 
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of cDNA. Five serially diluted cDNA samples (103 to 107fg) were used as templates for the 
construction of standard curves for each primer pair. Standard curves were generated using 
linear regression based on Ct values for the dilution series. The correlation coefficients (R2) 
and slope values were obtained from the standard curves, and the PCR amplification 
efficiencies (E) were calculated according to the following equation: E = [10 (-1/slope) -1] (Nolan 
et al., 2006). 
Normalized individual data points were calculated as 2-ΔCT because the samples of each 
sorghum accession were different and no accession could be used as a calibrator (Schmittgen 
and Livak, 2008). The method used to perform normalized gene expression profiling was: 
2-ΔCT = 2 – 
[C
T
 candidate gene - C
T
 housekeep gene], 
where the candidate gene corresponded to the BR or auxin candidate genes Dw7, Dw4, 
BAS1, BKI1, BSK1, BZR1/BES1, and Dw3, and the housekeep gene corresponded to PP2A 
from plants grown under normal conditions.  
Under treatment conditions, relative gene expression was conducted in order to 
understand changes in expression due to treatment and the control conditions were used as 
calibrator. The methodology used was 2-ΔΔCT (Livak and Schmittgen, 2001; Schmittgen and 




 candidate gene - C
T
 housekeep gene) Treatment Conditions - (C
T 
candidate gene - C
T
 housekeep gene) Control Conditions], 
where the candidate gene corresponded to Dw7, Dw4, BAS1, BKI1, BSK1, BZR1/BES1, 
and Dw3; the housekeep gene corresponded to PP2A; treatment conditions refers to samples 
collected from plants treated with pcz; and control conditions refers to plants that received the 





Effects of propiconazole doses on plant architecture 
The application of pcz at different doses demonstrated that this BR inhibitor affects 
several plant architecture traits in sorghum. A dose-dependent reduction of plant height and 
internode elongation was observed, especially affecting the lower and middle levels of the 
plant (Figure 1A). The treatment generated three significantly different groups for total plant 
height with an inverse relationship between treatment and plant height: the higher the pcz 
concentration, the shorter the total plant height (Figure 1B). 
The results also demonstrated a dose-dependent reduction of leaf angle across the 
canopy from 10 μM to 50 μM, after which, the angle increased with higher doses. Since the 
treatment reduced the internode elongation in the lower and middle levels of the plant, at 
concentrations higher than 100 μM the new leaves were extending from the same place as the 
old ones, increasing their leaf angle (Figure 2 and Supp. Figure 1). The average leaf angle for 
each concentration level originated four significantly different groups, where the mock 
treatment was one distinct group with the largest angle (Figure 2). 
Further analysis showed that the application of pcz changed the pattern of leaf angle 
distribution cross the canopy at concentrations of 50 and 100 μM. Under control conditions, 
leaf angle increased from the bottom of the plant to the top of the plant, opposite to the desirable 
leaf angle distribution ideotype. However, at 50 and 100 μM, it was possible to see that this 
pattern started to change for the lower and middle canopy. For example, the angles of the lower 
canopy (L5 and L6) were bigger than those of the middle canopy (L7, L8 and L9). Based on 
these results, the concentration of 50 μM induced the highest reduction of leaf angle across the 
canopy, exhibited a better leaf angle distribution of the lower and middle canopy, and did not 
severely affect plant height. Therefore, 50 μM of pcz was utilized for further experiments.  
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Phenotypic effects of pcz application in different genetic backgrounds 
At a concentration of 50 μM of pcz, leaf angle was reduced across the canopy in all six 
sorghum accessions when compared to control (Supp. Figure 2 and Figure 3). It was notorious 
that the genetic background played an important role in the range of sensitivity to the treatment 
(Table 2). For example, the accession PI564163 (BTx623) showed the highest sensitivity to 
pcz since its average leaf angle was reduced by 47.5%, while PI534167 showed the highest 
resistance, and its average leaf angle was only reduced by 22.1% (Table 2). In addition, this 
experiment provided evidence of tissue-specific sensitivity to the treatment at different 
developmental stages. For instance, in four out of six accessions (PIs 533839, 533936, 656015, 
and 534167), L8 was among the two leaves with maximum decrease in angle, while L9-L12 
were the most significantly affected leaves in PI564163  and PI 533938. 
Plant height was also affected by the application of pcz. Based on our results, TPH was 
significantly reduced in all lines, except for PI533839 and PI533936 (Figure 4 and Supp. Table 
2). Interestingly, all lines experienced a significant reduction in PFL height, except for 
PI533839, in which the treatment significantly increased this trait (Figure 4). However, there 
was no clear trend of the effect of pcz in other plant-height components on the upper part of 
the plant. For example, PE only significantly increased for PI533936 and PI564163 (BTx623), 
while PL was smaller only for PI656015. These findings suggested that plant height was 
affected by pcz due to a reduction in the lower and medium internode length, and also, that the 
genetic background plays an important role in the sensitivity to the treatment (Supp. Table 2). 
The other plant architecture traits affected by the application of pcz were SC, NT, and 
TA. SC was significantly larger for all accessions under treatment, with increases that varied 
from 8.6% to 42.0% depending on the genetic background (Figure 5 and Supp. Table 3). A 
reduction in the number and angle of tillers was not consistently observed, and only occurred 
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in two and three accessions, respectively (Supp. Table 3). Most genotypes flowered 1.7 to 2.9 
days earlier, as a consequence of pcz application (Figure 5 and Supp. Table 3). Our results 
demonstrate that pcz did not induce changes in the photosynthetic capacity (A) of plants since 
no significant differences were identified between treatment and mock conditions (Figure 5 
and Supp. Table 3). Similarly, TB was not significantly different between treatments for most 
accessions, except PI564163 (BTx623), in which treated plants produced about 4 grams (5%) 
less biomass than control plants (Figure 5 and Supp. Table 3).  
In summary, pcz, an inhibitor of the BR biosynthesis pathway, induced morphological 
changes in sorghum plants with different genetic backgrounds. At a 50 μM of pcz, plants 
produced significantly more erect leaves across the canopy, had shorter but thicker stems, 
flowered earlier by 1-3 days, and had fewer tillers with a small inclination relative to the main 
stem. Importantly, these morphological changes did not affect the total dry biomass produced 
by treated plants, in spite of the observed genotype-dependent sensitivity to pcz (Supp. Table 
3). 
Expression profile of BR genes under control conditions 
Analysis of the 10-fold dilution gradient of cDNA showed that the reactions of all genes 
were highly efficient and specific as shown in the melting curves and regression analyses 
(Supp. Figure 3). The reaction efficiencies varied from 92.2% to 104.3% and had a high 
coefficient of determination, R2 > 0.98 (Supp. Table 1 and Supp. Figure B). Results of the 
expression profiling of BR genes suggested that their expression varied among and within 
accessions, depending on the analyzed leaf, the developmental stage of the plant, and the 
genetic background (Supp. Figure 4).  
Although all BR genes were sequenced to identify alternative haplotypes among lines, 
a clear pattern of expression based on haplotypes was not identified. However, the sterol gene, 
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DW7, was the most abundantly expressed across accessions, and expression of BKI1 was the 
lowest in all analyzed collars (Supp. Figure 4). Additionally, an interesting profile was 
observed for the BR signaling transcription factor, BZR1/BES1, whose relative expression 
increased from the CL5 to the CPFL in all genetic backgrounds, following the same trend of 
leaf angle changes in the canopy (Figure 6). Moreover, the expression of Dw3 varied similarly 
toBZR1/BES1 in all accessions at different canopy layers (Figure 6).  
Pcz effects on the relative expression of BR genes 
Expression analysis in treated plants showed that, in general, BR biosynthesis and 
signaling genes were downregulated by the application of 50 μM of pcz except for Dw4 (Supp. 
Figure. 5), which increased its relative expression in most cases. As seen under normal 
conditions, gene expression after pcz application varied depending on the genetic background, 
the developmental stage, and the tested tissue. For example, in four out of the six accessions, 
the relative expression of Dw7 was reduced in the C8, while BAS1 was under-expressed in C8 
and CPFL (Supp. Figure 5).  
The BR signaling genes were mostly under-expressed in the different genotypes and 
tissues, particularly BSK1 and BKI1 (Supp. Figure. 5). The general decrease in BKI1 and BSK1 
expression could be attributed to the lack of BL, while the unique upregulation of BKI1 
observed in PI534167 is likely due to a self-regulation response to the high expression of Dw4. 
Under treatment conditions, the pattern of BZR1/BES1 expression was opposite to that 
observed under control conditions, decreasing from C5 to CPFL for most genotypes (Figure 
7). However, treatment-induced changes in expression profiles demonstrated that lines had 
different sensitivities to pcz depending on the developmental stage and canopy layer.  
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Evidence of cross-talk between BRs and auxins 
Our study provided evidence of the cross-talk between BRs and auxins based on the 
comparative expression of BZR1/BES1 and Dw3. Under control conditions, both genes were 
expressed similarly, increasing from the bottom of the plant (C5) to the upper part of the 
canopy (CPFL) (Figure 6). Interestingly, the expression of Dw3 was higher in all collars of 
BTx623, PI533936, and PI533938, particularly the PFL. These lines have the dysfunctional 
dw3/dw3 haplotype that produces a mal-function protein. For lines with the functional Dw3 
haplotype (PI533839, PI656015, and PI5534167), although the level of transcription was 
lower, the expression profile was similar to the one observed for the dysfunctional haplotype. 
The expression of BZR1/BES1 and Dw3 also followed similar patterns under treatment 
conditions, in which the expression of both genes is reduced from the C5 to the CPFL (Figure 
7). This response could explain the smaller angles observed in all lines after the application of 
pcz. Remarkably, when their relative expression under control and treatment conditions was 
plotted simultaneously, the coincidence between their profiles across tissues and development 
was evident (Figure 7). Even for PI656015 and PI533839, with a distinctive expression pattern, 
the cross-talk between BZR1/BES1 and Dw3 was demonstrated across all levels of the canopy 
(Figure 7).   
 
Discussion 
Pcz induces dose-dependent changes in plant architecture traits 
Pcz and brz belong to the triazole family which is characterized by the azole ring that 
binds to the heme prosthetic group of CYTOCHROME proteins such as DWF4 (CYP90B1), 
a critical enzyme in the BR biosynthesis pathway (Hartwig et al., 2012). Brz inhibits the 
hydroxylation of the C-22 in the side chain of BRs by direct binding to DW4, blocking its 
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hydroxylation function (Asami et al., 2001). A more recent study demonstrated that pcz 
inhibits the step of BR biosynthesis from campestanol (CN) to teasterone (TE) by its strong 
binding to CYP90D1, and likely to DW4 and CYP90C1 as well, inhibiting the hydroxylation 
of the C-23 position of BRs (Oh et al., 2016). 
This is the first report in which pcz is applied to sorghum, and the first research in 
which the application persisted during the entire developmental process of a plant. Our findings 
suggest that there was a dose-dependent effect of pcz on leaf angle and plant height, affecting 
mostly the elongation of internodes of the lower and middle sections of the plant (Figure 1 and 
Figure 2). The dependency of the phenotypic effect on the treatment concentration is notorious 
given the significant change of leaf angle across the canopy, and the magnitude of the total 
plant height and internode length reduction observed. Although there is no previous study with 
long-term treatment application, changes in plant architecture induced by BR inhibitors at 
seedling stage have been extensively reported in other species such as Arabidopsis (Wang et 
al., 2002; Oh et al., 2016), rice (Tanaka et al., 2009; Feng et al., 2016; Gui et al., 2016), and 
maize (Hartwig et al., 2012; Hu et al., 2017). 
In Arabidopsis, the application of brz and/or pcz reduced hypocotyl and petiole length, 
and reduced the size of cotyledons and true leaves in seedlings (Wang et al., 2002; Tanaka et 
al., 2005; Hartwig et al., 2012; Oh et al., 2016). In rice, brz caused a decrease in coleoptile 
length (Gui et al., 2016), and 50% shorter mesocotyls and second internode when applied in 
vitro (Tanaka et al., 2009). Moreover, 10 μM of brz reduced leaf angle in rice seedlings when 
applied to the leaf tips (Feng et al., 2016). In maize seedlings, pcz reduced plant height, leaf 
length, and elongation of mesocotyl, coleoptile, and primary roots, showing more severe 
changes at higher concentrations (Hartwig et al., 2012; Hu et al., 2017). 
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Additionally, the treatment shortened leaf sheaths, leaf blades, and caused a decreased 
leaf angle by changing the pulvinus cells, from loosened rectangle or oval types to closely 
spaced spindle cells (Hao et al., 2017). Our results were in agreement with the phenotypc 
changes induced by BR inhibitors at seedling stage in model species. It was also demostrated 
that BRs modulate important plant architecture traits at all developmental stages in sorghum, 
following a dose-dependent fashion. 
Our results demonstrated that the constant application of pcz during development 
seems to modify the distribution of leaf angle across the canopy at concentrations between 50 
μM and 100 μM. This phenomenon has not been previously reported, and it could be of great 
use for breeding purposes to obtain the proposed leaf angle distribution ideotype (Mantilla-
Perez and Salas Fernandez, 2017) by modulating the BR concentration at different 
developmental stages and levels of the plant canopy. This evaluation of the pcz effect on 
sorghum lead us to the discovery of novel information about the effect of BR inhibitors on 
plant height and leaf angle, two important traits to increase grain and biomass yield (Pendleton 
et al., 1968; Morinaka et al., 2006; Parry et al., 2010; Mathan et al., 2016). 
A dose of 50 μM of pcz induced changes in leaf angle and other traits across different 
sorghum genetic backgrounds 
The application of 50 μM of pcz affected several plant architecture traits in all genetic 
backgrounds evaluated (Supp. Figure 2 and Figures 3, 4, and 5). Although the directionality of 
each effect was the same across all genotypes, other factors also contributed to the magnitude 
of the change, including the genetic background, the developmental stage, and the specific 
tissues/organs. In agreement with our results, some maize lines were more sensitive to the pcz 
treatment than others, based on the effect on mesocotyl, coleoptile, primary root, and leaf 
length (Hartwig et al., 2012). Moreover, pcz was applied to 207 maize backcross-derived 
double-haploids at seedling stage, and some of those lines showed more tolerance to the 
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treatment than others (Hu et al., 2017). These and our results demonstrate that pcz affects plant 
architecture traits in grasses, but the sensitivity to the treatment is genotype-dependent. 
Our study demonstrated that the sensitivity to pcz was also developmental-stage 
dependent. For example, the highest reduction in angle occurred in mid-canopy leaves across 
lines (Table 2 and Figure 3). This could be related to development , since plants are preparing 
for floral transition at this stage (Vanderlip and Reeves, 1972), and a higher concentration of 
BRs are needed for vascular differentiation and flowering formation (Cano-Delgado, 2004; 
Domagalska et al., 2007). Since the pcz application inhibited the production of BRs, their 
reduction at this key developmental stage could have affected several functions in the whole 
plant, including cell division and elongation in different tissues. Further analysis would be 
needed to verify this hypothesis, but we could speculate that the modulation of BRs at specific 
developmental stages might be used to modify phenotypes of economic value, and thus, used 
as a strategy to engineer more productive crops.  
Our research also demonstrated that pcz induced tissue-dependent effects, as seen in 
plant height and stem circumference (Supp. Table 2 and Supp. Table 3). On one side, plant 
height was reduced due to a limited elongation of the lower and middle internodes, but on the 
other side, stem circumference increased in all treated plants, generating thicker stems. There 
are numerous examples of BR deficient mutants with a dwarf phenotype in rice, wheat, and 
maize, due to a reduced elongation of stem cells (Yamamuro et al., 2000; Gasperini et al., 
2012; Kir et al., 2015), but there are not previous reports of the BR effect on stem thickness. 
Biomass yield in sorghum is strongly correlated with plant height (Murray et al., 2008; 
Godbharle et al., 2010). In our study, we showed that the dry biomass did not change between 
treated (at 50 μM of pcz) and mock plants, in spite of the reduction in plant height and tiller 
number (Supp. Table 3 and Figure 5). Our speculation is that at this pcz concentration, the 
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increase in stem thickness, together with a better distribution of leaf angle in the middle and 
lower canopy, could have compensated for a reduced height, generating similar biomass 
accumulation It is important to recognize that plants with a better distribution of leaf angle and 
thicker stems are a desirable phenotype for sorghum biomass varieties, since it would be 
possible to increase plant density due to a better arrangement of leaf angle and increase the 
accumulation of biomass in thinker stems.  Although the pcz concentration of 50 μM reduced 
significantly plant height, a short stature together with a better distribution of leaf angle could 
be desirable for grain sorghum types. In fact, there are reports of BR deficient rice mutants that 
are semi-dwarf with erect leaf angles that displayed an increase in both grain and biomass 
yields due to increases in plant density (Morinaka et al., 2006; Sakamoto et al., 2006). 
In summary, the results of our study agreed with observation in other species, and 
provided new insights about the pcz effect during the growing cycle. We have reported the 
effect of pcz on novel phenotypes in sorghum that could be valuable in other cereal crops, 
including leaf angle across the canopy, dissected plant height, stem circumference, tiller 
number, tiller angle, and flowering time. 
Expression of BR genes under control conditions explained the distribution of leaf angle 
in sorghum 
Patterns of expression were investigated to stablish a connection between leaf angle 
and BR gene expression under control conditions. The most relevant finding of our study was 
the direct association between the expression of the BR transcription factor, BZR1/BES1 and 
leaf angle. As the expression of BZR1/BES1 increased from the C5, to the C8 and CPFL, the 
angle of the corresponding leaves also increased in all accessions (Figure 6). In fact, there were 
high correlations (r>0.95) between the leaf angle of each line and the BZR1/BES1 relative 
expression, except for PI656015 (r=0.45) (Table 3). Although there are no previous reports of 
BZR1 or BES1 expression at different developmental stages or leaves in the canopy, it is well 
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documented that BZR1/BES1 are the major transcription factors that activates many genes 
involved in cell elongation and other plant growth processes (Wang et al., 2002; Yin et al., 
2002; Sun et al., 2010). The Arabidopsis BZR1 and BES1 are transcription factors of the BR 
signaling pathway that belong to the same family and have redundant functions (Yin et al., 
2002). Mutants of both genes showed reduced stature, bending leaf petioles, and wider and 
curly leaves (Wang et al., 2002; Yin et al., 2002). Moreover, an OsBZR1 suppressing mutant 
in rice, resulted in plants with short stature, erect leaves, and reduced BR-sensitivity (Bai et 
al., 2007). Based on our results, sorghum leaves in the upper canopy are more horizontal than 
in the lower canopy due to a higher expression of BZR1/BES1, which likely increases cell 
elongation in the collar, and therefore, leaf angle. The BZR1/BES1 expression gradient 
affecting leaf angle across the sorghum canopy in all genetic backgrounds (Figure 8), explains 
the observed leaf angle distribution across the plant. 
Regarding other BR genes, the relative expression of BAS1 was higher in the collars of 
L8 and PFL than in L5 of most genotypes (Supp. Figure 4). BAS1 acts as the inhibitor of BL 
(Neff et al., 1999), and in response to BZR1/BES1 accumulation due to excessive BR, a 
feedback suppression of the BR biosynthesis is induced, which activates BAS1 to control the 
BR production (Wang et al., 2002; Ye et al., 2011; Youn et al., 2016). Our results are consistent 
with expected responses based on observations in Arabidopsis: a higher accumulation of 
BZR1/BES1 in C8 and CPFL triggered the activation of BAS1, which in turn, reduced the 
production of BRs. Moreover, BSK1 reduced its expression from the C5 to CPFL for most of 
the lines. BSK1 is involved in the BR signaling pathway and is activated by BRI1 in presence 
of BRs in the surrounded media of the cell (Tang et al., 2008). The reduction of BSK1 




In summary, our results show that the BR pathway is self-regulated in sorghum, as in 
model species (Kim and Wang, 2010). The variation in expression of BR genes during plant 
growth and their effect on leaf angle in sorghum are novel, especially the role of BZR1/BES1 
on the distribution of leaf angle across the canopy.  
Pcz induced phenotypic changes by modulating BR gene expression 
In addition to the phenotypic changes induced by pcz, expression analysis of the treated 
collars of the L5, L8, and PFL showed a general reduction for all genes except Dw4 (Supp. 
Figure 5). Since pcz is a BR inhibitor that affects the biosynthetic reaction after Dw4, the cells 
could sense the lack of BRs and induce the over-expression of this upstream gene. This 
phenomenon has been observed after brz application, when the over-expression of Dw4 is 
perceived and lasts up to five days after the treatment (Tanaka et al., 2005; Vert et al., 2008). 
Gene expression after pcz treatment was influenced by the genetic background, the 
developmental stage and tissue, as observed under control conditions. A clear example was the 
PI533839 whose plant height was less responsive to pcz, and was the only line with no changes 
in the H-PFL (Figure 4, Supp. Figure 5). These unique responses to pcz could be attributed to 
the combination of an over-expressed Dw4 and under-expressed BAS1 in the collar of the PFL 
under treatment (Supp. Figure 5). The overexpression of Dw4 likely generated more BRs, 
whose synthesis would not be repressed by BAS1, inducing an overall higher production of 
BRs and a significant elongation of the last internode between PFL and FL, as observed only 
for this accession (Figure 4). Additionally, the angle change of the PFL of PI533839 is the 
lowest within the canopy (Table 2). This line has a unique haplotype for BAS1 (Table 1), and 
although the SNPs represent synonymous mutations, they could be in linkage disequilibrium 
with other mutations on the promoter or enhancer regions, that could change the transcription 
efficiency of this gene.  
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The accession PI534167 also had a higher expression of DW4 in C8 and CPFL under 
treatment conditions (Supp. Figure 5). However, contrary to what was observed for PI533839, 
BAS1 was over-expressed in these tissues, cancelling out the effect of DW4 and minimizing 
the changes in plant height (Figure 4 and Supp. Figure 5). Although BKI1 and BSK1 were 
under-expressed for most genotypes after treatment, for PI534167, BKI1 was up-regulated 
possibly as a response to the increase of Dw4. In Arabidopsis plants, the over-expression of 
BKI1 resulted in dwarf plants, with reduced petiole length, smaller leaves, and delayed 
flowering, resembling the bri1 mutants (Wang and Chory, 2006; Wang et al., 2011). It is 
possible that for PI534167, the over-expression of Dw4 in C8 and CPFL would have triggered 
the up-regulation of both BR inhibitors: BAS1 -biosynthesis inhibitor-, and BKI1 -signaling 
inhibitor-, explaining why this line was affected for plant height although Dw4 was over-
expressed.  
BZR1/BES1 also showed a distinct pattern of expression in response to pcz, decreasing 
from the C5 to CPFL for most genotypes, explaining the reduction in leaf angle and the changes 
in the angle distribution of the lower and middle canopy (Figure 3). In model species, the 
transcription factors BZR1/BES1 are responsible of the activation of genes related to cell 
elongation (Yin et al., 2002; Sun et al., 2010) and the reduction of BZR1/BES1 in sorghum 
explains the reduced angles across the canopy when compared against the untreated plants. 
Even though, 50 µM of pcz reduced the leaf angle of the upper canopy with respect to the 
control, PFL angle was not smaller than the leaf 8 and leaf 5, it is possible to hypothesize that 
in the upper canopy other factors, besides BRs, seem to affect leaf angle in sorghum. Our 
results in leaf angle and plant height suggest that each level of the plant (lower, medium, and 
upper) are controlled by a modulation of BR genes that seem to act independently at each level 
of the canopy and perhaps, that act in a synergy with other hormone genes. 
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Cross-talk between BRs and auxins that affect leaf angle 
 The cross-talk between plant hormones has been well documented in different model 
species such as Arabidopsis (Santner et al., 2009; Sun et al., 2010; Vert and Chory, 2011; Guo 
et al., 2013) and rice (Shimada et al., 2006; Wang et al., 2009; Gui et al., 2016). In our study, 
we have identified evidence of a cross-talk between BRs and auxins by a comparative analysis 
of the expression profiles of BZR1/BES1 and Dw3 that revealed an almost identical pattern 
across tissues and conditions (Figure 7). Under control conditions, a gradient of BZR1/BES1 
and Dw3 transcripts increased over development, and from the bottom to the top of the plant 
(Figure 8). A similar gradient has been proposed for auxin concentration across sorghum plants 
based on functional analyses of Dw3 (Brown et al., 2008). The model assumes that plants with 
a dysfunctional dw3/dw3 allele would not efficiently transport auxins from the shoot apical 
meristem to the base of the plant, affecting internode elongation of low and middle sections of 
the stem (Brown et al., 2008). Our findings complement these observations, since we 
demonstrated there is an increased gradient in Dw3 expression from C5 to CPFL (Figure 8) 
under control conditions, regardless of the Dw3 haplotype. Even though all lines had the same 
gradient, the relative expression was higher for those with the dysfunctional haplotype 
dw3/dw3 (0.01-0.15 vs 0.005-0.018). The lack of a functional protein could have triggered a 
self-regulatory response to increase the efflux of auxins to lower sections of the plant.  
Evidence of cross talk between auxins and BRs have been reported in the past (Wada 
et al., 1983; Nakamura et al., 2009; Sakamoto et al., 2013; Zhao et al., 2013; Zhang et al., 
2015; Liu et al., 2016); though, the specific interaction between BZR1/BES1 and Dw3 has not 
been documented in any other species. Nevertheless, the interaction of BZR1 with numerous 
auxin signaling and transport genes has been demonstrated, including IAA 2, IAA3, IAA7, 
IAA19, IAA26, and IAA27; PIN3, PIN4, and PIN7; TIR1, ARF2, ARF6, ARF11, and ARF19 
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(Sun et al., 2010; Oh et al., 2014; Youn et al., 2016). For instance, the AUXIN RESPONSE 
FACTOR 7 (ARF7) protein modulates BAS1 gene expression by directly interacting with 
BZR1 and competing for the binding of E-motives in the promoter region of BAS1 (Youn et 
al., 2016). This action reduces the self-regulation of BRs, increases their concentration, and 
promotes growth in Arabidopsis. Another auxin response factor (ARF6) interacts 
cooperatively with BZR1 to regulate genes involved in cell elongation by binding to commonly 
targeted genes (Oh et al., 2014). A more recent studied showed that BZR1 controls thermo-
morphogenesis in Arabidopsis by activating the promoter of PIF4 (PHYTOCHROME-
INTERACTING FACTOR 4) to enhance the production of auxins and BRs (Ibañez et al., 2018). 
Auxins and gibberellic acid functions in thermo-morphogenesis are strictly dependent on BRs 
since the application of BL can rescue the effect of auxin and GA mutants (Ibañez et al., 2018), 
demonstrating that BZR1 is an important transcription factor that influences other plant 
hormones. 
The hypothesis derived from our data is that BZR1/BES1 modulates the expression of 
Dw3 in sorghum. Since BZR1 is a potent transcription factor that modulates several auxin 
genes, it is possible that the patterns of Dw3 expression are modulated by the accumulation of 
BZR1/BES1 in the nucleus that activates the auxin metabolic pathway including its 
transporters. Another possible explanation is that the DW3 protein could be involved in the 
transportation of BRs from the cytoplasm to the neighboring cells. DW3 is an ABC protein 
that belongs to a superfamily of transmembrane transporters responsible for biological 
functions such as polar auxin transport, lipid catabolism, xenobiotic detoxification, disease 
resistance, and stomatal functions (Rea, 2007). Although it is known that BRs do not travel for 
long distances in the plant, the BR signaling pathway is activated by a BR membrane receptor, 
implying that BRs move out of the cell, and that cell to cell movement is likely to occur. 
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Hypotheses about how BRs leave the cell have been proposed and include: passive diffusion, 
movement as BR-conjugated molecules (lipids or glucose), or movement thought ABC 
transporters (Bishop and Yokota, 2001; Sasse, 2003; Choe, 2006; Symons et al., 2008). In fact, 
ABC transporters are essential in the movement of steroids out of animal cells, and thus, a 
similar mechanism might exist in plants (Young and Fielding, 1999). If ABC transporters are 
responsible for the BR movement out of the cell, the expression of Dw3 could be modulated 
by the amount of BZR1/BES1 accumulated in the nucleus to facilitate the transport of BRs and 
auxins. Therefore, the short stature and small leaf angle of Dw3 mutants in sorghum could be 
due to a deficient distribution of both auxin and BRs.  
 
Conclusions 
This work aimed to characterize the morphological and molecular effects of the BR 
inhibitor pcz in sorghum when applied during development in different genetic backgrounds. 
The strength and novelty of our results reside on the prolonged time of the treatment, to provide 
a comprehensive analysis of the effect that BRs have on leaf angle in different genetic 
backgrounds. This study demonstrates that: i) pcz reduced leaf angle and plant height in a dose-
dependent manner; ii) a dose of 50 μM of pcz affected several phenotypes in sorghum, 
including leaf angle across the canopy, dissected plant height, stem circumference, tiller 
number, average tiller angle, and flowering time, but did not affect photosynthesis or total dry 
biomass; iii) pcz induced changes in the expression of BR biosynthesis and signaling genes 
depending on the developmental stage, tissue, and genetic background; iv) there is a clear 
connection between leaf angle and the relative expression of BZR1/BES1, suggesting that the 
distribution of leaf angle across the canopy is influenced by the accumulation of its transcript 
in the collar tissue; and v) the cross-talk between BZR1/BES1 and Dw3 suggests that either 
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BZR1/BES1 influences the transport of auxins in the plant, or that Dw3 plays an important role 
in the transport of BR outside the cells. The results of our study provide insights about the 
feasibility of engineering plants with a better leaf angle distribution by modulating BR gene 
expression at different developmental stages. The information provided herein can be extended 
to other economically important cereal crops such as rice, wheat, and maize.  
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Figure 1. Internode elongation of the lower and middle canopy and total plant height at different pcz concentrations. A. Means and standard errors of 
internode (IN) length of the lower and middle level of the canopy. B. Mean and standard errors of the total plant height. Letters (a-e) Duncan’s multiple range 








Figure 2. Leaf angle across the canopy at different pzc concentrations. Means and standard errors. Letters indicate Duncan’s multiple range test and LSD at a 








Figure 3. Leaf angle of a representative leaf of the lower, middle, and upper canopy. Mean and standard errors of the angle of leaves 5, 8, and the pre-flag 









Figure 4. Effect of pcz in dissected plant height traits. Mean and standard errors. H-PFL, length from the base of the plant to the collar of the pre-flag leaf; H-
PFL-FL, distance from the collar of the pre-flag leaf to the collar of the flag leaf; PE, panicle exsertion; PL, panicle length; TPH, total plant height. Error bars, 








Figure 5. Effect of pcz on different traits. Means and standard errors. A. Stem circumference (SC). B. Flowering time (FT). C. Photosynthesis (A). D. Total 








Figure 6. Leaf angle and relative normalized expression of BZR1/BES1 and Dw3 in different genetic backgrounds under control conditions. Angle 










Figure 7. Comparative expression profiles of BZR1/BES1 and Dw3 in different genetic backgrounds. C5, collar of leaf 5; C8, collar of leaf 8; CPFL, collar 


















Figure 8. Proposed gradient model of BZR1/BES1 and Dw3 that controls leaf angle across the sorghum canopy. As the plant matures, the expression of 










Table 1. Haplotype differences of six lines from the sorghum association mapping 





PI533839 PI533936 PI533938 PI656015 PI534167 
DW4 1 insertion C/ : 65135548.1 : : : : : C 
(Biosynthesis) 1 insertion C/ : 65135731.1 : : : : : C 
  1 insertion T/ : 65135731.2 : : : : : T 
  1 insertion G/ : 65135731.3 : : : : : G 
  1 insertion C/ : 65135731.4 : : : : : C 
  1 G/A 65136060 G G G G G A 
  1 T/C 65139234 T T T T C T 
  1 G/A 65139558 G A G G A A 
  1 C/A 65139901 C C N C A C 
DW7 3 A/G 7221847 A G A N A N 
(Biosynthesis) 3 T/C 7221851 T C T N T N 
  3 A/G 7221884 A G A N A N 
  3 C/T 7224525 C T C C N C 
  3 G/A 7224592 G A G G G G 
  3 T/C 7224609 T C T T T T 
  3 G/A 7224612 G A G G G G 
  3 G/T 7224633 G T G G G G 
  3 A/T 7224634 A T A A A A 
  3 C/T 7224677 C T C C C C 
  3 deletion/ G 7224730 G del G G G G 
  3 deletion /T 7224731 T del T T T T 
  3 deletion / T 7224732 T del T T T T 
  3 deletion / C 7224733 C del C C C C 
  3 deletion / A 7224734 A del A A A A 
  3 deletion / T 7224735 T del T T T T 
  3 deletion / C 7224736 C del C C C C 







Table 1. Continued 
  3 A/G 7224751 A G A A A A 
  3 T/C 7224795 T C T T T T 
  3 T/C 7224880 T C T T T T 
  3 deletion / G 7225063 G del G G G G 
  3 insertion C / :  7225063.1 : C : : : G 
  3 G/A 7227629 G A G N G G 
  3 C/A 7230684 C N C A C C 
  3 T/G 7230700 G T T T G T 
  3 G/C 7231007 G G G N G G 
BAS1 3 G/T 4514196 G N T G G N 
(Biosynthesis) 3 C/A 4515059 C C C C C C 
  3 C/T 4518436 T N C N T C 
  3 C/G 4518790 G N G N G N 
  3 A/C 4447573 A A C C A A 
  3 T/G 4449877 T T G G T T 
  3 Insertion of G / : 4448270.1 : G : : : : 
  3 Insertion of A / : 4448270.2 : A : : : : 
  3 Insertion of T / :  4448270.3 : T : : : : 
  3 Insertion of C / : 4448270.4 : C : : : : 
  3 Insertion of A / : 4448270.5 : A : : : : 
  3 G/C 4448309 G C G G C G 
  3 C/T 4448315 C T C C N C 
  3 T/C 4448516 T C T T C T 
  3 T/G 4448602 T G T T N T 
  3 G/A 4448945 G A G G G N 
  3 T/C 4449099 T C T T T T 
  3 T/G 4449214 T G T T T T 
  3 G/A 4449334 G A G G G G 
  3 G/A 4449389 G A G G G G 
  3 C/T 4449418 C T C C C C 
  3 G/A 4449427 G A G G G G 







Table 1. Continued 
 
  3 A/T 4450567 A T A A A A 
  3 C/A 4450792 C A C C C C 
  3 G/C 4448172 G C G G G G 
  3 Insertion G / : 4447780.1 : G : : : : 
  3 Insertion G / : 4447785.1 : G : : : : 
  3 Insertion T / : 4447824.1 : T : : : : 
  3 Insertion C / : 4447844.1 : C : : : : 
  3 T/G 4522614 T N T C T C 
  3 G/A 4523023 C N C N C G 
  3 T/G 4523089 C A C C C C 
  3 G/A 4523117 G G A G G G 
  3 T/G 4524499 T N T T T N 
BKI1 2 T/A 61882507 T T T T A T 
(Signaling) 2 G/C 61882517 G C G G G G 
  2 A/G 61882555 A G A A A A 
  2 G/C 61883299 G G G G G G 
  2 A/G 61884154 A A A N A N 
  2 G/T 61884861 T G T G G G 
  2 A/C 61884862 C A C A A A 
  2 T/C 61884870 T T T C C T 
  2 C/G 61884883 C C C C C C 
  2 A/C 61885324 A A A N C N 
  2 T/G 61886471 G N G T T T 
  2 G/T 61886473 T N T G G G 
  2 G/A 61887456 A G A G G G 
  2 C/T 61887582 C C T T C C 
  2 T/C 61887653 T T C C T T 
  2 C/G 61887703 G G C C G G 
  2 C/T 61887724 C C T T C C 
  2 insertion G / :  61887794.1 : : G G : : 
  2 insertion T / :  61887794.2 : : T T : : 







Table 1. Continued 
 
  2 G/C 61888061 G G C C G G 
  2 insertion A / :  61888083.1 : : A A : : 
  2 insertion A / :  61888083.2 : : A A : : 
  2 insertion C / :  61888083.3 : : C C : : 
  2 insertion A / :  61888083.4 : : A A : : 
  2 insertion A / :  61888083.5 : : A A : : 
  2 insertion G / :  61888084.1 : : G G : : 
  2 G/C 61888158 G G C C G G 
  2 G/A 61888174 G G A A G G 
  2 G/C 61888935 C G C G G G 
  2 A/C 61889576 A A A N A C 
BZR1/BES1 2 C/T 71769951 C T C C C C 
(Signaling) 2 G/C 71772882 C G C C C N 
  2 T/G 71773005 G N G G G N 
  2 deletion / C 71774702 C C del C del del 
  2 deletion / T 71774705 T T del T del del 
  2 deletion / C 71774710 C C del C del del 
  2 deletion / G 71774717 G del G G G G 
  2 deletion / C 71774718 C del C C C C 
  2 deletion / T 71774719 T del T T T T 
  2 deletion / C 71774720 C del C C C C 
  2 deletion / G 71774721 G del G G G G 
  2 deletion / G 71774722 G del G G G G 
  2 A/G 71774754 A G A A A A 
  2 insertion A / :  71774807.1 : A : : : : 
  2 T/A 71776518 T A T T T T 
  2 A/G 71776768 G G G G G N 
BSK1 1 G/C 52586179 G G G N G N 
(Signaling) 1 C/T 52586238 C C C T C C 







Table 1. Continued 
 
  1 T/G 52589167 T N G T T T 
  1 G/T 52589217 T N G G T G 
  1 C/T 52589265 C N T C C C 
  1 A/C 52589266 A N C A A A 
  1 C/A 52589267 C N A C C C 
  1 A/G 52589274 A N A A A G 
  1 G/A 52589276 G N A G G G 
  1 C/A 52590755 N A T T A A 
  1 A/G 52590798 N A G G A A 
  1 G/T 52590838 N G T T G G 
  1 T/C 52590867 N T C C T T 
  1 G/C 52590971 N C G G C C 
  1 insertion T / :  52591436.1 : : : T : : 
  1 C/T 52593745 C C T T C C 
  1 G/A 52593780 G G A A G G 
  1 C/T 52593882 C C T T C C 
  1 C/T 52593887 C C T T C C 
  1 G/A 52593906 G G A A G G 
  1 G/T 52593920 T T G G T T 
  1 G/A 52593994 G G A A G G 
  1 G/C 52598669 G G G C G G 
  1 G/A 52598670 G G G A G G 










dw3/dw3 Dw3/Dw3 dw3/dw3 dw3/dw3 Dw3/Dw3 Dw3/Dw3 
Position Sb1, sorghum genome version 1. In position: orange background, +/- 5Kb from the gene; yellow background, +/- 3Kb from the gene; white background, 
gene;  brown font-5' UTR, red font -intron, purple font-exon, pale green font-3'UTR. DW4, DWARF4; DW7, DWARF7; BAS1, PHYB ACTIVATION-TAGGED 
SUPPRESSOR 1; BKI1, BRI1 KINASE INHIBITOR 1; BSK1, BR-SIGNALING KINASE 1; BZR1/BES1, BRASSINAZOLE RESISTANT 1 / BRI1-EMS-
SUPPRESSOR 1; DW3, DWARF3; Dw3, no tandem duplication; dw3, tandem duplication. Markers in bold were found significantly associated with LA in 
Mantilla Perez et al., 2014
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Average LA 27.4 14.4 13.0 47.5%   
Leaf 04 20.5 14.0 6.5 31.7%   
Leaf 05 26.4 15.5 10.9 41.3%   
Leaf 06 29.3 17.0 12.3 41.9%   
Leaf 07 33.0 18.0 15.0 45.5%   
Leaf 08 30.0 16.0 14.0 46.7%   
Leaf 09 27.0 11.5 15.5 57.4% * 
Leaf 10 25.0 11.5 13.5 54.0%   
Leaf 11 21.5 9.5 12.0 55.8%   
Leaf 12 27.0 10.5 16.5 61.1% * 
PFL 34.5 20.5 14.0 40.6%   
533839 
Average LA 41.6 28.9 12.7 30.4%   
Leaf 04 46.2 32.5 13.7 29.7%   
Leaf 05 40.0 29.0 11.0 27.5%   
Leaf 06 40.5 25.0 15.5 38.3%   
Leaf 07 43.0 31.0 12.0 27.9%   
Leaf 08 41.5 26.0 15.5 37.3% * 
Leaf 09 42.0 28.5 13.5 32.1%   
Leaf 10 38.5 24.0 14.5 37.7% * 
Leaf 11 38.0 29.0 9.0 23.7%   
Leaf 12 38.0 26.5 11.5 30.3%   
Leaf 13 41.5 28.5 13.0 31.3%   
PFL 48.0 38.0 10.0 20.8%   
533936 
Average LA 28.6 18.6 10.0 34.9%   
Leaf 04 27.5 18.5 9.0 32.7%   
Leaf 05 26.0 18.5 7.5 28.8%   
Leaf 06 34.0 21.0 13.0 38.2%   
Leaf 07 34.5 19.0 15.5 44.9% * 
Leaf 08 30.0 17.0 13.0 43.3% * 
Leaf 09 28.0 18.5 9.5 33.9%   
Leaf 10 24.5 15.5 9.0 36.7%   
Leaf 11 25.5 17.5 8.0 31.4%   
Leaf 12 21.5 18.0 3.5 16.3%   
PFL 34.0 22.5 11.5 33.8%   
533938 
Average LA 33.8 21.0 12.8 37.9%   
Leaf 04 35.0 25.0 10.0 28.6%   
Leaf 05 30.0 28.0 2.0 6.7%   
Leaf 06 28.5 21.0 7.5 26.3%   
Leaf 07 36.5 21.5 15.0 41.1%   
Leaf 08 33.0 20.0 13.0 39.4%   
Leaf 09 35.0 17.0 18.0 51.4%   
Leaf 10 34.0 15.5 18.5 54.4% * 
Leaf 11 31.5 15.0 16.5 52.4%   
Leaf 12 34.0 15.5 18.5 54.4% * 
PFL 40.5 31.5 9.0 22.2%   
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Table 2. Continued. 
 
534167 
Average LA 40.8 31.8 9.0 22.1%   
Leaf 04 42.5 37.0 5.5 12.9%   
Leaf 05 35.5 30.5 5.0 14.1%   
Leaf 06 40.0 30.0 10.0 25.0%   
Leaf 07 35.5 28.0 7.5 21.1%   
Leaf 08 40.5 28.5 12.0 29.6% * 
Leaf 09 44.5 33.5 11.0 24.7%   
Leaf 10 44.0 32.0 12.0 27.3% * 
Leaf 11 42.5 33.0 9.5 22.4%   
Leaf 12 38.3 29.3 9.0 23.5%   
PFL 44.5 36.0 8.5 19.1%   
656015 
Average LA 47.4 35.3 12.2 25.6%   
Leaf 04 28.5 20.5 8.0 28.1%   
Leaf 05 42.0 33.0 9.0 21.4%   
Leaf 06 45.5 31.5 14.0 30.8% * 
Leaf 07 41.5 35.0 6.5 15.7%   
Leaf 08 44.5 28.5 16.0 36.0% * 
Leaf 09 54.5 42.5 12.0 22.0%   
Leaf 10 52.5 41.0 11.5 21.9%   
Leaf 11 53.5 39.6 13.9 26.0%   
PFL 64.5 46.0 18.5 28.7%   
LA, leaf angle; PFL, pre-flag leaf; *, two most sensitive leaves in the canopy. 
 
Table 3. Correlations between leaf angle and relative expression of BR candidate genes across accessions under 
normal conditions 
Genotype BKI1 BSK1 BZR1 Dw4 BAS1 Dw7 Dw3 
Tx623 0.26 -0.92 0.95 0.89 0.63 -0.02 0.99 
PI533839 0.48 -0.55 0.97 0.98 0.93 -0.99 0.99 
PI533936 0.87 0.08 0.99 -0.97 0.33 -0.98 0.84 
PI533938 0.80 -0.93 0.98 -0.27 1.00 -0.97 0.91 
PI656015 -0.51 -0.94 0.45 -0.97 -0.02 0.98 0.73 
PI534167 0.90 -0.31 0.98 -0.85 -0.88 -0.99 0.83 
Correlations were obtained per each line considering the leaf angle of the three leaves and their corresponding 









Appendix. Supplementary Data 
 
 










Supp. Figure 2. Leaf angle across the canopy in different genetic backgrounds. Means and standard errors. T-test between treatment and control phenotypes. 








Supp. Figure 3. qPCR of five 10-fold dilution series, melting curves, and reaction efficiency calculation. PP2A, SERINE/THREONINE PROTEIN 
PHOSPHATASE 2A; DW7, DWARF 7; DW4, DWARF 4; BAS1, PHYB ACTIVATION-TAGGED SUPPRESSOR 1; BKI1, BRI1 KINASE INHIBITOR 1; BSK1, 



























































Supp. Figure 4. Relative expression of BR and Dw3 under control conditions. Mean of two biological replications and three experimental replications with + 
Standard Deviation. Normalized using PP2A (ΔCt). C5, collar of leaf 5; C8, collar of leaf 8; CPFL, collar of the pre-flag leaf. DW7, DWARF 7; DW4, DWARF 4; 
BAS1, PHYB ACTIVATION-TAGGED SUPPRESSOR 1; BKI1, BRI1 KINASE INHIBITOR 1; BSK1, BR-SIGNALING KINASE 1; BZR1/BES1, BRASSINAZOLE 











Supp. Figure 5. Relative Expression of BR biosynthesis and signaling genes under treatment condition. Mean of two biological replications and three 
experimental replications with + Standard Deviations. Normalized using gene in control conditions as calibrator (ΔΔCt). C5, collar of leaf 5; C8, collar of leaf 8; 
CPFL, collar of the pre-flag leaf. DW7, DWARF 7; DW4, DWARF 4; BAS1, PHYB ACTIVATION-TAGGED SUPPRESSOR 1; BKI1, BRI1 KINASE INHIBITOR 









































DW4 DWARF4 Biosynthesis 
TTCAACCCTTGGAGATGGAAG 
137 96.3 1.00 
CGGAAGTTGAGCACCAGG 
DW7 DWARF7 Biosynthesis 
AAATACTTTGTCTCCATTTGCTGG 




TAGGED SUPPRESSOR 1  
Biosynthesis 
GTCTTCAAGCTCCAGACTCAG 
131 93.1 1.00 
TTTCTGATCTCCTTGTCCAGC 
BKI1 

















































Supp. Table 2. Changes in dissected plant height 
Genotype Trt Variable Mean Difference p-val Genotype Trt Variable Mean Difference p-val 
PI533839 
control H-PFL 55.0 
-3.5 0.310 
PI534167 
control H-PFL 38.9 
-5.6 0.02 
trt H-PFL 51.5 trt H-PFL 33.3 
control H-PFL-FL 16.1 
4.4 0.050 
control H-PFL-FL 12.2 
-1.5 0.16 
trt H-PFL-FL 20.5 trt H-PFL-FL 10.7 
control PE 0.0 
0.0 NA 
control PE 0.0 
0.0 NA 
trt PE 0.0 trt PE 0.0 
control PL 16.2 
3.6 0.110 
control PL 9.8 
-1.7 0.30 
trt PL 19.8 trt PL 8.1 
control TPH 86.6 
5.2 0.290 
control TPH 59.9 
-7.1 0.05 
trt TPH 91.8 trt TPH 52.8 
PI533936 
control H-PFL 30.3 
-5.1 <.001 
PI564163 
control H-PFL 49.8 
-13.3 <.001 
trt H-PFL 25.3 trt H-PFL 36.6 
control H-PFL-FL 12.6 
-3.4 0.004 
control H-PFL-FL 15.3 
0.0 0.90 
trt H-PFL-FL 9.2 trt H-PFL-FL 15.3 
control PE 16.9 
4.7 0.044 
control PE 1.9 
3.2 0.04 
trt PE 21.6 trt PE 5.1 
control PL 15.1 
-0.9 0.360 
control PL 20.2 
2.6 0.09 
trt PL 14.2 trt PL 22.8 
control TPH 74.4 
-4.4 0.377 
control TPH 90.2 
-12.0 <.001 
trt TPH 70.0 trt TPH 78.3 
PI533938 
control H-PFL 55.9 
-19.4 <.001 
PI656015 
control H-PFL 51.1 
-10.6 0.01 
trt H-PFL 36.5 trt H-PFL 40.5 
control H-PFL-FL 11.4 
0.4 0.717 
control H-PFL-FL 13.8 
-1.7 0.18 
trt H-PFL-FL 11.8 trt H-PFL-FL 12.1 
control PE 1.6 
-0.6 0.572 
control PE 2.2 
-1.6 0.19 
trt PE 1.0 trt PE 0.6 
control PL 12.6 
0.6 0.599 
control PL 9.5 
-4.7 <.001 
trt PL 13.2 trt PL 4.8 
control TPH 80.2 
-17.1 <.001 
control TPH 78.0 
-18.2 0.01 
trt TPH 63.1 trt TPH 59.8 
Trt, treatment; H-PFL, height from the base to the pre-flag leaf; H-PFL-FL, distance from the pre-flag leaf to the flag leaf; PE, panicle exsertion; PL, panicle 






Supp. Table 3. Changes in  other evaluated phenotypes 
    Stem Circumference Flowering time Tiller Number 




















533839 control 4.83 
0.50 10.4% 0.049 
67.20 






533839 trt 5.33 66.20 1 
533936 control 5.17 
0.83 16.1% 0.003 
56.00 
-2.0 -3.6% <.0001 
1.33 
0 NA NA 
533936 trt 6.00 54.00 1.33 
533938 control 4.17 
1.75 42.0% <.0001 
63.70 






533938 trt 5.92 61.70 0.37 
534167 control 4.00 
0.67 16.7% 0.038 
55.70 
0.3 0.6% 0.6831 
0 
0 NA NA 
534167 trt 4.67 56.00 0 
564163 control 5.83 
0.50 8.6% 0.007 
63.40 
-2.9 -4.6% 0.007 
0 
0 NA NA 
564163 trt 6.33 60.50 0 
656015 control 4.00 
0.50 12.5% 0.021 
57.00 






656015 trt 4.50 55.30 1.33 





















Supp. Table 3. Continued 





























-0.3 -0.8% 0.88 
75.57 
-0.9 -1.2% 0.67 
533839 trt 8.25 37.63 76.47 






4.44 10.9% 0.08 
72.98 
2.46 3.4% 0.18 
533936 trt 15.5 45.27 70.51 






1.13 2.8% 0.58 
72.48 
3.35 4.6% 0.055 
533938 trt 17 41.3 69.13 
534167 control 0 
0 NA NA 
44.27 
-0.84 -1.9% 0.09 
67.14 
1.47 2.2% 0.39 
534167 trt 0 43.43 65.67 
564163 control 0 
0 NA NA 
33.13 
-1.43 -4.3% 0.54 
76.08 
3.89 5.1% 0.002 
564163 trt 0 31.7 72.19 






3.1 7.5% 0.1 
73.18 
0.88 1.2% 0.68 
656015 trt 14.5 44.4 72.3 









CHAPTER 5. CONCLUSIONS 
This study has implemented complementary approaches to explain the genomic and 
biological process that control leaf angle across the canopy in sorghum. A review of the 
numerous leaf angle studies performed in different species provided evidence of the limited 
experimental approach used to characterize this trait, and the need to modify methodologies to 
target the multiple sections of the canopy. We have implemented some of these approaches by 
performing a GWAS using a high-throughput phenotyping derived variable (plot-based plant 
width), and QTL mapping of independent bi-parental populations. These studies facilitated the 
identification and validation of genomic regions and candidate genes that control leaf angle 
consistently over the entire canopy, and QTL with exclusive effect on the upper or middle 
canopy. Moreover, in our interest to investigate the biological processes controlling the leaf 
angle distribution in sorghum, we focused on the effect of BRs on the trait. Preliminary tests 
were performed to establish a pcz concentration that could be used during the entire 
developmental process. Experiments on different genetic backgrounds demonstrated that BRs 
play an important role controlling leaf angle and other plant architecture traits, and that the 
expression of certain genes correlates with leaf angle changes.  
In summary, chapter II provides an overview of the current knowledge about the 
genetic control of leaf angle in different cereal species with an emphasis on: 
i. The effect of leaf angle on photosynthetic efficiency and yield, which includes 
information about the plant ideotypes in cereal crops, and information from 
modelling studies about the effect of leaf angle in yield; 
ii. The hormonal regulation of leaf angle, including a thorough description of the 




iii. The genetic control of leaf angle in cereals that was discovered using only one 
or two leaves, or an averaged leaf angle across the canopy, missing the 
opportunity to investigate an independent control at each canopy layer;  
iv. The opportunities that high-throughput phenotyping methods provide for a 
better characterization of leaf angle across the canopy.  
The research conducted on chapter III describes a combination of quantitative genetic 
approaches to understand leaf angle determination across the canopy. We utilized a 
combination of traditional methods to manually measure leaf angle in three bi-parental 
populations, and a HTP platform to obtain a novel angle descriptor (PPW) at different levels 
of the canopy. These studies facilitated the identification of genomic regions controlling this 
complex trait at multiple canopy layers, and the main discoveries were: 
i. The current distribution of angle in the sorghum canopy is opposite to the 
proposed ideotype, since upper leaves have more extended angles than those in 
the middle canopy; 
ii. The image-derived variable PPW, describes canopy architecture and can be 
used as a descriptor of leaf angle at different levels of the plant; 
iii. The two approaches used in this study (GWAS and QTL mapping) identified 
regions controlling leaf angle throughout the canopy and others specific for the 
upper or middle layers;  
iv. The intervals discovered by QTL mapping narrowed down the regions 
identified by GWAS, reducing the number of candidate genes from hundreds 




v. It was possible to dissect the previously reported QTL on chromosome 7, 
demonstrating that there is more than one gene controlling leaf angle in this 
region, one affecting the overall canopy, and two control only the middle layers. 
The study described in chapter IV includes a series of experiments where the BR 
inhibitor -pcz- was utilized to investigate the effect of BRs on leaf angle and other plant 
architecture traits, as well as the changes in the expression of BR genes in different leaves and 
genetic backgrounds. Our results showed that: 
i. Leaf angle and plant height change in response to pcz, in a dose-dependent 
manner;  
ii. A dose of 50 µM of pcz affected leaf angle across the canopy, dissected plant 
height, stem circumference, tiller number, average tiller angle, and flowering 
time, while it did not affect photosynthesis or total dry biomass; 
iii. The pcz-induced morphological changes were accompanied by changes in the 
expression of specific BR genes for different developmental stages, specific 
leaves (low, middle, or upper canopy), and certain genetic backgrounds; 
iv. Changes in leaf angle were highly correlated with the relative expression of 
BZR1/BES1, suggesting that this candidate gene might be key to engineer an 
optimized leaf angle ideotype; 
v. There was evidence of crosstalk between BRs and auxins, which seems to occur 
between BZR1/BES1 and the auxin transporter gene Dw3, suggesting either 
BZR1/BES1 influences the transport of auxins or Dw3 plays a role in the 




A more erect leaf angle on the top of the plant that becomes more horizontal towards 
the bottom, increases crop productivity by optimizing light interception across the canopy 
(Long et al., 2006) and increasing the conversion efficiency over the entire canopy (Ort et al., 
2015). Moreover, a better leaf angle distribution allows production fields to be planted at 
higher densities, which increases yields per unit of land (Lambert and Johnson, 1978; Lee and 
Tollenaar, 2007; Mansfield and Mumm, 2014). 
Taking into consideration the limitations of manual data collection, including time, 
costs, and accuracy, the use of HTP platforms provides economic and more precise alternatives 
to collect leaf angle data at different layers and developmental stages. Although field-based 
images derived from HTP platforms face some technical and environmental-dependent 
challenges, they facilitated the development of new canopy descriptors in sorghum (Bao et al., 
2018), overcoming the limitations imposed by dense canopies. Although PPW accounts for 
other confounding variables such as leaf length and senescence, we have demonstrated its 
value as a descriptor of leaf angle and its potential use in the selection of materials with a better 
angle distribution across the canopy. 
Considering the complex genetic architecture of our target trait, evidenced by the large 
number of identified genomic regions, we focused on the most relevant and interesting QTL 
for further investigation. Our strategy was to prioritize loci identified coincidently by both 
approaches (linkage mapping and GWAS), particularly those small intervals with few 
candidate genes previously known to affect leaf angle in other species. 
Our second project provides, for the first time, evidence that the prolonged application 
of pcz (at 50 μM) during plant development reduced leaf angle across the canopy and affected 




reports of BR mutants with more erect leaves in rice and maize (Yamamuro et al., 2000; 
Morinaka et al., 2006; Sakamoto et al., 2006; Wang et al., 2008; Divi and Krishna, 2009; Sun 
et al., 2010; Makarevitch et al., 2012; Tong et al., 2014; Best et al., 2016; Feng et al., 2016), 
this is the first time a BR mutant-like phenotype was induced in sorghum. This study also 
demonstrated that pcz affects the expression of BR genes, particularly of BZR1/BES1 as a key 
determinant of leaf angle across the canopy. Our study provides the basis for future detailed 
and focused investigation of BZR1/BES1 that could include the expression profile obtained for 
different leaves at pre and post-leaf expansion, as well as in-situ hybridization. Finally, the 
utilization of novel approaches such as CRISPR-Cas9 and iRNA of BZR1/BES1 at different 
developmental stages could be implemented to modify leaf angle across the canopy to obtain 
an optimized distribution.   
In summary, new knowledge generated in this study could be utilized for the 
development of superior sorghum lines with an optimized inclination of leaves throughout the 
canopy, capable of maximizing light interception, photosynthetic capacity, and productivity 
per plant and unit of land. In this sense, our research contributes to the effort to increase the 
production of food, feed, fiber, and fuel for the demand of an ever-growing worldwide 
population. 
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